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Abstract
This study presents new experimental data on the effect of oxygen fugacity (fO2) and bulk composition on phase equi-
libria and liquid lines of descent in alkali basalts. Crystallisation experiments were performed at one atmosphere, in the 
temperature range 1220–1050  °C and at fO2 conditions corresponding to fayalite–magnetite–quartz (FMQ) equilibrium 
and the following log-unit deviations from this equilibrium: FMQ-1, FMQ + 1.5 and FMQ + 3. Experiments were grouped 
into two series, those on primitive compositions (9.9–11.9 wt% MgO; total alkali 3.1–5.3 wt%), and those on evolved 
compositions (5.1–5.8 wt% MgO; total alkali 5.7–8.6 wt%). Experiments on primitive compositions produce assemblages 
of olivine, clinopyroxene and spinel, with plagioclase present in less silica-undersaturated compositions. Experiments on 
evolved compositions produce similar assemblages, though olivine is often absent at higher fO2. Whitlockite is present at 
low temperature, plus occasional Fe-Ti oxides. Nepheline is only observed in the most silica-undersaturated composition 
at low temperature. Mineral compositions and stability are strongly controlled by bulk composition and redox conditions. 
High MgO bulk contents favour the early appearance of olivine, while the appearance of clinopyroxene is dictated by 
both MgO and CaO contents. Increasing silica-undersaturation produces assemblages dominated by clinopyroxene and 
a high melt fraction at any given temperature, promoting alkali enrichment during melt evolution. Oxidising conditions 
enhance the crystallisation of spinel and other Fe-Ti oxides, in which both silica and alkalis are incompatible, through 
increased melt Fe3+/ΣFe. This promotes more modest enrichments in Na2O and K2O with respect to SiO2 as crystallisa-
tion proceeds, with the effect strongest where bulk concentrations of FeOtot are high and P2O5 are low. It follows that fO2 
exerts a stronger control over the liquid lines of descent of more primitive liquids than evolved ones. We combine our 
results with those from the literature to calibrate new models for both KOl−Melt

DFe2+−Mg
 and KOl−Melt

DFeT −Mg
 in alkaline systems, 

with the latter formulated as:

KOl−Melt
DFeT −Mg

(±0.012, a.a.d.) = 0.442 (±0.029) + 0.287 (±0.035) [XSiO2 ] − 0.442 (±0.027)
[
XNa2O + XK2O

XSiO2

]
− 0.168 (±0.022) [XFo] − 0.138(±0.008) 1

(1 −
[

Fe3+

ΣFe

]
)

where Xi is the mole fraction of i in the melt, XFo is molar MgO/(MgO + FeOtot) of olivine, Fe3+/ΣFe represents Fe valence 
in the melt and a.a.d. is the average absolute deviation. We also present a simple model for estimating KCpx−Melt

DFeT −Mg
:

KCpx−Melt
DFeT −Mg

(±0.028, a.a.d.) = −1.00 (±0.064) + 2.129 (±0.063)
[
T (◦C)

1000

]
− 1.675 (±0.021) [Mg#] + 0.144(±0.006) 1

1 −
[

Fe3+

ΣFe

]
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Introduction

Oxygen fugacity, fO2, the oxygen partial pressure corrected 
for the non-ideality of the gas, is an intensive parameter used 
to describe redox state in a given geological system, i.e. the 
potential of a given multivalent element to occur in a more 
oxidised or reduced state (Frost 1991; Moretti and Neuville 
2021). Redox state exerts a strong control over the evolu-
tion of minerals and magmatic liquids during progressive 
cooling and crystallisation, alongside pressure, temperature, 
bulk composition and volatile content (Sisson and Grove 
1993; Toplis and Carroll 1995; Müntener et al. 2001; Vil-
liger et al. 2007; Conte et al. 2009; Markl et al. 2010). This 
is a direct result of its influence over the Fe3+/ΣFe ratio of 
melts, and hence the composition and stability of Fe-bearing 
phases (Osborn 1959; Kress and Carmichael 1991; Toplis 
and Carroll 1995, 1996).

The potential for differences in redox to produce vari-
able liquid lines of descent in subalkaline systems has been 
demonstrated experimentally by numerous authors since the 
1950s. This includes work at 1  bar (e.g. Hill and Roeder 
1974; Snyder et al. 1993; Toplis and Carroll 1995; Zhang 
et al. 2023) and under pressure (e.g. Hamilton et al. 1964; 
Berndt et al. 2005; Feig et al. 2010; Ulmer et al. 2018). 
Alkali magmas are comparatively understudied in this 
regard, with those studies that do exist often restricted to 
one or two compositions (e.g. Duke 1971; Salazar-Naranjo 
and Vlach 2023), only one fO2, typically equivalent to the 
fayalite–magnetite–quartz (FMQ) equilibrium (e.g. Sack et 
al. 1987; Gee and Sack 1988; Thy and Lofgren 1994; Gerke 
et al. 2005), or have focused on other important parameters 
such as pressure, volatile content and the effect of fractional 
crystallisation (e.g. Nekvasil et al. 2004; Pilet et al. 2010; 
Conte et al. 2009). However recent thermodynamic mod-
elling in dry alkaline systems has served to highlight the 
complex relationships between melt Fe3+ content, fO2 and 
temperature, all of which directly affect the compositional 
evolution of melts and minerals (Weller et al. 2024; Soder-
man et al. 2025).

Alkali magmas are widely observed in rift systems, sub-
duction zones and at ocean islands. Despite their volumet-
ric insignificance compared to subalkaline magmas, alkali 
magmas are of increasing scientific and economic interest; 

their propensity to concentrate critical minerals (i.e. highly 
incompatible trace elements) such as the rare earth elements 
(Goodenough et al. 2016; Beard et al. 2023), makes them 
vital for delivering the energy transition. Alkali magmas are 
highly diverse in terms of mineralogy and composition, and 
range from highly silica-undersaturated (e.g. Nyiragongo 
volcano, DRC; Molendijk et al. 2024) to silica-oversatu-
rated (e.g. Bouvet Island; Jeffery and Gertisser 2018).

The presence of alkaline magmas at differing tectonic 
settings leads them to record evolution under different fO2 
conditions (Moussallam et al. 2019; Cottrell et al. 2021) 
(Fig. 1). In particular, primitive ocean island basalts (OIB) 
found at plume settings are known to record oxygen fugaci-
ties spanning three log units (FMQ 0.5 ± 1.5 (2sd); Willhite 
et al. 2024). Processes such as degassing (Cottrell and Kel-
ley 2011; Cottrell et al. 2021; Brounce et al. 2017; Sossi 
et al. 2019; Connors et al. 2025), and the separation of Fe-
bearing phases via crystal-liquid fractionation (Brounce et 
al. 2017) then further widen the spectrum of fO2 conditions 
observed.

Here we present the results of one-atmosphere, high-
temperature, phase equilibria experiments at a range of fO2 
conditions chosen to reflect those recorded in alkali magmas 
(Fig. 1). We investigate both MgO-rich primitive magmas 
and MgO-poor evolved magmas. These experiments were 
performed on nine alkali basalts from Fogo (Cape Verde), 
Terceira (Azores), Tristan da Cunha, Nyiragongo (Demo-
cratic Republic of the Congo) and Nyamulagira (Demo-
cratic Republic of the Congo), and represent three ocean 
islands and two localities in the East African continental rift. 
Our experiments were designed to systematically evaluate 
how key compositional parameters (e.g. alkalis, MgO, SiO2, 
CaO) and fO2 have the potential to produce lithological and 
mineralogical diversity.

We find that oxidising fO2 conditions enhance the crys-
tallisation of phases in which both alkalis and silica are 
incompatible, such as spinel, which promotes liquid lines 
of descent with lower enrichment in Na2O and K2O as a 
function of increasing SiO2. These LLDs are enriched in sil-
ica relative to those produced at lower fO2, an effect that is 
strongest in primitive compositions containing higher FeO-
tot. At lower fO2, the evolution of the melt is predominantly 
controlled by phases close in silica content to the melt, with 

where Mg# is molar MgO/(MgO + FeOtot) of clinopyroxene and Fe3+/ΣFe represents Fe valence in the melt. These new 
formulations allow equilibrium KMineral−Melt

DFe−Mg
 to be estimated more reliably in oxidising, alkaline systems where Fe3+/ΣFe 

is high.

Keywords  Oxygen fugacity · Experimental petrology · Crystallisation experiments · Alkali magmas · Silica-
undersaturation
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much lower alkali content, such as clinopyroxene, leading 
to alkali enrichment. While most natural alkaline magmas 
are typically volatile bearing and are formed under pressure, 
our results are an essential step towards understanding the 
controls over magmatic differentiation in alkaline systems, 
and may be used as calibration data to improve existing 
models for application to these enigmatic magmatic systems 
(e.g., Ghiorso and Sack 1995; Weller et al. 2024).

Experimental techniques

Starting material

We chose experimental starting compositions with a range 
of alkali contents, in order to test the effect of alkalinity on 
the phase equilibria and evolution trajectory of any given 
melt. To do this, nine natural starting compositions were 
chosen from localities known to erupt alkali-rich products: 
Fogo (Cape Verde; Hildner et al. 2012), Terceira (Azores; 
Shepherd 2024), Tristan da Cunha (Le Roex et al. 1990), 
Nyiragongo (Democratic Republic of the Congo; Molendijk 
et al. 2024) and Nyamulagira (Democratic Republic of the 
Congo; Kamate Kaleghetso et al. 2025). One sample from 
Fogo (FO22-048) was specifically collected for this study 
during a field mission in 2022. From these localities, five 
primitive compositions with MgO content of 9.9–11.9 wt% 
(Mg#: 58.42 to 63.15, with Mg# being molar [100∙Mg/
(Mg + Fetot)], where Fetot = total Fe; total alkali 3.1–5.3 wt%; 
alkalinity index (AI) 0.33–0.62, with AI being molar 
[(Na2O + K2O)/Al2O3]) and four evolved compositions with 
MgO contents of 5.2–5.8  wt% (Mg# 46.12–50.67; total 
alkali 5.7–8.6  wt%; AI 0.55–0.81) were chosen. Within 

both the primitive and evolved groups, we selected samples 
that vary in terms of alkali and silica content, and degree of 
silica-undersaturation. This enabled us to explore the effect 
of these parameters, alongside fO2, in producing lithologi-
cal and mineralogical diversity at different stages of melt 
evolution.

Whole-rock samples were finely ground and homog-
enized in an agate ball mill, fused at 1400 °C under air in an 
iron-saturated Pt crucible to minimise Fe-loss, and quenched 
in water. Resultant glasses were examined using a Scanning 
Electron Microscope (SEM; see details below) to check for 
compositional homogeneity and to ensure that no crystals 
were present. They were then reground in ethanol for 1 h 
using a Pulverisette 2 mortar grinder to produce a homog-
enous powder. It was not possible to melt sample FOGO16 
due to limited available quantities of starting material, so 
this composition was ground multiple times to ensure 
homogeneity, and the starting composition determined via 
XRF by Hildner et al. (2012) was used (Table 1).

Experimental methods

All experiments were performed in a Nabertherm RHTV 
50/150/17 vertical tube furnace at KU Leuven, Belgium. 
Experimental powders were fused onto 0.2 mm diameter Pt-
loops by heating to super-liquidus temperatures (1400 °C) 
in a muffle furnace for 3 min. Experimental charges were 
then suspended in the vertical furnace hotspot, with mul-
tiple compositions run at the same time. Temperatures were 
measured using an S-type (Pt-Pt90Rh10) thermocouple, 
calibrated against the melting points of Ag and Au, located 
above the samples. Loops were pre-saturated in Fe by run-
ning a prior experiment at similar temperature and fO2 con-
ditions to each actual experiment for at least 24 h to limit 
Fe loss, with material on the loops mechanically broken off 
prior to use.

Most experiments were run under isothermal conditions. 
However, low-temperature experiments (primitive start-
ing compositions: ≤ 1120  °C FMQ + 3; evolved starting 
compositions: ≤ 1095 °C FMQ + 3, ≤ 1074 °C FMQ-1 and 
FMQ + 1.5, ≤ 1050  °C FMQ) were held at the target tem-
perature for 1  h, before applying thermal oscillations of 
+ 10 °C above the target temperature for the first 10 h of the 
experiment, to promote the growth of large crystals and melt 
pools (Erdmann and Koepke 2016). Temperature intervals 
between experiments were selected to enable the saturation 
temperature of different phases to be bracketed as closely as 
possible across all compositions. We chose to run experi-
ments at oxygen fugacities ranging from FMQ to FMQ + 3 
on all compositions in order to reflect the fO2 conditions 
recorded in naturally occurring alkaline magmas (Fig.  1; 
Cottrell et al. 2021). Due to the potential for self-reduction 

Fig. 1  Kernel density plot showing the distribution of fO2 values rela-
tive to the fayalite–magnetite–quartz (FMQ) buffer measured in global 
OIBs, with the reported range of fO2 for starting composition localities 
overlain (Anderson 1968; Mata et al. 2017; Head et al. 2018; Mous-
sallam et al. 2019; Klügel et al. 2020; Nicklas et al. 2022; DeVitre et 
al. 2023; Shepherd 2024; Connors et al. 2025), along with the range 
of fO2 explored in this study. Sources for global OIB and arc magma 
estimates are provided in Supplementary Material 1
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Analytical methods and calculations of melt and 
mineral compositions and components

Experimental products were imaged using either a TESCAN 
Mira 4 field emission gun-scanning electron microscope 
(FEG-SEM) at the Department of Earth and Environmen-
tal Sciences, KU Leuven, Belgium, or a JEOL JXA-8530F 
field emission electron probe microanalyser (EPMA) at the 
Department of Materials, KU Leuven, Belgium.

Starting glasses and experimental charges were anal-
ysed using a JEOL JXA-8530F EPMA at the Institute for 
Mineralogy at the University of Münster, Germany, and the 
Department of Materials, KU Leuven, Belgium. Average 
compositions are reported in Tables S2–S7 (Supplementary 
Material 3). Operating conditions were 15 kV for all analy-
ses, with 5–10 nA beam currents for glasses and 15–20 nA 
for minerals, excluding clinopyroxene which was measured 
with 40 nA. Glasses were analysed using a defocused beam 
(8–10 µm diameter) and minerals with a focused beam. Si, 
Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, Cr and Ni were mea-
sured in glasses, olivine and clinopyroxene, while a subset 
of these elements was measured for the remaining miner-
als; further details are provided in Table  S1 (Supplemen-
tary Material  3). Natural and synthetic primary standards 
were used for calibration (listed in Table S1, Supplementary 
Material 3), while secondary reference materials were mea-
sured at regular intervals, every 30–50 points, to ensure con-
sistency between analytical sessions and to check accuracy 
and precision. The following reference materials were used: 
VG2 (NMNH 111240-52), San Carlos Olivine (NMNH 

of alkaline magmas, through crystallisation of sodic amphi-
boles and pyroxenes which incorporate Fe3+ (Markl et al. 
2010), we performed further experiments at FMQ-1 on 
evolved starting compositions. fO2 was calculated using the 
thermodynamic data of Chase et al. (1985), and the posi-
tion of the FMQ buffer at 1 bar was determined using the 
equation of O’Neill (1987). Oxygen fugacity was buffered 
by flushing the tube with high-purity mixtures of CO2 and 
CO gases, controlled via Bronkhorst gas-flow controllers, 
operating at a flow rate of 50 cm3/min for experiments per-
formed between FMQ-1 and FMQ + 1.5, and 150 cm3/min 
for those at FMQ + 3. We chose to use a fairly modest gas 
flow as a measure to reduce alkali-loss. A higher flow rate 
was necessary at FMQ + 3 to enable precise control over the 
small proportion of CO gas required at these conditions. The 
accuracy of fO2 conditions by CO-CO2 mixing was tested 
using electromotive force (emf) measurements with an 
yttria-stabilized zirconia electrolyte cell with the reference 
chemical potential of O2 corresponding to air (XO2 = 0.21). 
Accuracy was found to be better than 0.1 log unit. Experi-
ments were rapidly quenched by dropping charges into 
water. Run products were then removed from their Pt-loops 
and mounted in epoxy for analysis. The experimental run 
conditions, run products and phase proportions are reported 
in Table 2.

Table 1  Major element composition of the experimental starting materials, normalised to 100 wt%
Locality Primitive Evolved

Terceira, The 
Azores

Tristan 
da 
Cunha

Fogo, 
Cape 
Verde

Nyamulagira, 
DRC

Nyiragongo, 
DRC

Terceira, The 
Azores

Fogo, Cape 
Verde

Nyamulagira, 
DRC

Nyiragongo, 
DRC

wt.% AZKS052 TDC69 FOGO16 NM20ON179 NY17-209 AZKS003 FO22-048 NM19ON009 NY17-219
SiO₂ 47.85 43.20 43.71 45.32 40.18 50.30 44.72 48.46 44.44
TiO₂ 2.91 3.19 3.26 3.06 3.57 2.97 3.48 2.96 2.83
Al₂O₃ 14.30 11.77 12.87 12.65 11.70 15.37 16.71 16.57 16.19
FeOtot 10.32 14.36 12.48 10.75 12.70 10.15 10.51 9.41 10.72
MnO 0.16 0.16 0.22 0.19 0.23 0.19 0.20 0.18 0.23
MgO 9.91 11.89 10.15 10.34 10.01 5.78 5.52 5.42 5.15
CaO 10.87 11.08 13.44 12.37 15.19 8.23 10.27 8.48 10.61
Na₂O 2.48 2.24 1.94 2.39 2.73 4.21 4.34 3.67 6.66
K2O 0.58 1.59 1.12 2.32 2.53 1.50 3.14 4.01 1.94
P₂O₅ 0.50 0.46 0.81 0.50 1.05 1.23 1.08 0.81 1.20
Cr₂O₃ 0.02 0.02 – 0.04 0.04 0.02 0.01 0.01 0.03
NiO 0.10 0.04 – 0.08 0.06 0.05 0.02 0.03 0.01
Mg# 63.14 59.61 59.19 63.15 58.42 50.37 48.37 50.67 46.12
Cr2O3 and NiO were not measured in sample FOGO16. Mg# is calculated as molar [100·Mg/(Mg + Fetot)]. Sample TDC69 obtained from Le 
Roex et al. (1990), FOGO16 from Hildner et al. (2012), AZKS052 and AZKS003 from Shepherd (2024), NM20ON179 and NM19ON009 from 
Kamate Kaleghetso et al. (2025) and NY17-209 and NY17-219 from Molendijk et al. (2024). FO22-048 was collected for this study during 
fieldwork in 2022
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Run T 
(°C)

log fO2 ΔFMQ CO (ml/min) CO2 (ml/min) Dura-
tion 
(h)

Run products ΣR2 Fe-
loss 
[%]

Na-
loss 
[%]

AZKS052
A1 1201 − 8.40 0 2.35 47.7 18 Gl (98.0), Ol (2.0) 0.79 4.2 4.3
A2 1170 − 8.77 0 2.21 47.8 26 Gl, Ol, Spa

A3 1141 − 9.13 0 2.07 47.9 46 Gl, Ol, Cpx, Spa

A3-5 1119 − 9.41 0 1.97 48 68 Gl, Ol, Cpx, Spa

A4 1109 − 9.55 0 1.92 48.1 71 Gl (46.7), Ol (13.6), Cpx (12.9), Pl 
(26.8), Sp (0.03)

0.51 1.4 0.6

B4 1201 − 6.90 1.5 0.43 49.6 22 Gl, Spa

B5 1169 − 7.28 1.5 0.41 49.6 42 Gl, Ol, Spa

B1 1139 − 7.66 1.5 0.38 49.6 70 Gl, Ol, Cpx, Pl, Spa

B2 1118 − 7.93 1.5 0.36 49.6 69 Gl (53.8), Ol (11.8), Cpx (10.1), Pl 
(24.1), Sp (0.1)

0.39 5.8 1.7

B3 1099 − 8.18 1.5 0.34 49.7 94 Gl (38.0), Ol (12.8), Cpx (16.1), Pl 
(32.0), Sp (1.1)

0.37 0.3 1.2

D4 1221 − 5.17 3 0.24 149.8 24 Gl (99.8), Sp (0.2) 1.00 0.6 4.8
D5 1201 − 5.40 3 0.23 149.8 23 Gl (99.8), Sp (0.2) 0.99 0.8 4.8
D1 1170 − 5.77 3 0.22 149.8 32 Gl (95.4), Ol (4.0), Sp (0.6) 0.97 0.4 5.9
D2 1140 − 6.14 3 0.20 149.8 65 Gl (72.7), Ol (9.2), Cpx (2.4), Pl (15.5), 

Sp (0.2)
0.35 2.5 1.9

D3 1120b − 6.40 3 0.19 149.8 70 Gl (36.9), Ol (9.1), Cpx (18.7), Pl 
(31.1), Sp (2.6), Psb (1.4)

0.23 4.9 1.4

D6 1101b − 6.65 3 0.18 149.8 93 Gl (18.8), Ol (8.5), Cpx (28.2), Pl 
(38.7), Sp (3.4), Psb (2.3)

0.25 9.1 1.3

FOGO16
A1 1199 − 8.42 0 2.35 47.7 24 Gl (96.9), Ol (3.1) 0.60 10.3 16.0
A2 1169 − 8.78 0 2.20 47.8 26 Gl, Ol, Spa

A3 1141 − 9.13 0 2.07 47.9 46 Gl, Ol, Spa

A3-5 1119 − 9.41 0 1.97 48 68 Gl, Ol, Cpx, Pl, Spa

A4 1109 − 9.55 0 1.92 48.1 71 Gl (54.3), Ol (9.4), Cpx (23.1), Pl 
(12.7), Sp (0.4)

0.24 5.1 5.3

B4 1201 − 6.90 1.5 0.43 49.6 22 Gl (97.7), Ol (2.3) 0.53 9.6 9.3
B5 1169 − 7.28 1.5 0.41 49.6 42 Gl (94.3), Ol (5.4), Sp (0.1) 0.41 7.8 7.8
B1 1139 − 7.66 1.5 0.38 49.6 70 Gl, Ol, Cpx, Pl, Spa

B3 1099 − 8.18 1.5 0.34 49.7 94 Gl (21.2), Ol (4.9), Cpx (38.8), Pl 
(26.2), Sp (8.9)

0.60 12.8 0.6

D4 1221 − 5.17 3 0.24 149.8 24 Gl, Spa

D5 1201 − 5.40 3 0.23 149.8 23 Gl (99.2), Sp (0.8) 0.79 1.5 4.4
D1 1170 − 5.77 3 0.22 149.8 32 Gl, Ola, Sp
D2 1140 − 6.14 3 0.20 149.8 65 Gl (61.6), Ol (4.3), Cpx (24.3), Pl (6.1), 

Sp (3.7)
0.33 3.7 8.0

D3 1120b − 6.40 3 0.19 149.8 70 Gl (35.6), Ol (4.1), Cpx (35.7), Pl 
(18.0), Sp (6.5)

0.44 6.6 7.1

D6 1101b − 6.65 3 0.18 149.8 93 Gl (17.8), Ol (1.3), Cpx (43.8), Pl 
(25.6), Sp (11.5)

0.83 0.1 8.9

TDC69
A1 1199 − 8.42 0 2.35 47.7 21 Gl, Ol, Spa

A2 1170 − 8.77 0 2.21 47.8 26 Gl, Ol, Spa

A3 1141 − 9.13 0 2.07 47.9 46 Gl, Ol, Spa

A3-5 1119 − 9.41 0 1.97 48 68 Gl 73.7), Ol (16.6), Cpx (9.7), Sp (0.1) 0.63 1.1 5.2
A4 1109 − 9.55 0 1.92 48.1 71 Gl (62.1), Ol (16.2), Cpx (16.0), Pl 

(5.5), Sp (0.2)
0.77 3.1 7.9

B4 1201 − 6.90 1.5 0.43 49.6 22 Gl (90.2), Ol (9.3), Sp (0.5) 0.66 1.1 8.4
B5 1169 − 7.28 1.5 0.41 49.6 42 Gl (87.1), Ol (11.8), Sp (1.1) 0.70 3.3 13.3
B1 1139 − 7.66 1.5 0.38 49.6 70 Gl (82.5), Ol (14.5), Cpx (2.0), Sp (1.0) 0.37 3.6 9.4

Table 2  Experimental conditions, phase assemblages and calculated phase proportions
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Run T 
(°C)

log fO2 ΔFMQ CO (ml/min) CO2 (ml/min) Dura-
tion 
(h)

Run products ΣR2 Fe-
loss 
[%]

Na-
loss 
[%]

B2 1118 − 7.93 1.5 0.36 49.6 69 Gl (57.1), Ol (13.1), Cpx (22.0), Pl 
(3.3), Sp (4.5)

0.30 5.2 2.8

B3 1099 − 8.18 1.5 0.34 49.7 94 Gla, Ol, Cpxa, Sp
D4 1221 − 5.17 3 0.24 149.8 24 Gl (93.3), Ol (5.6), Sp (1.1) 0.55 1.9 6.2
D5 1201 − 5.40 3 0.23 149.8 23 Gl (91.1), Ol (7.7), Sp (1.2) 0.61 1.3 7.9
D1 1170 − 5.77 3 0.22 149.8 32 Gl (87.0), Ol (9.8), Sp (3.2) 0.71 0.4 4.7
D2 1140 − 6.14 3 0.20 149.8 65 Gl (69.5), Ol (9.7), Cpx (14.7), Sp (6.1) 0.45 1.1 8.5
D3 1120b − 6.40 3 0.19 149.8 70 Gl (45.7), Ol (8.24), Cpx (34.0), Pl 

(5.0), Sp (7.1)
0.44 6.1 8.5

D6 1101b − 6.65 3 0.18 149.8 93 Gla, Ol, Cpxa, Pl, Sp
NM20ON179
A1 1201 − 8.40 0 2.35 47.7 18 Gl (94.4), Ol (5.6) 0.60 5.0 16.8
A2 1170 − 8.77 0 2.21 47.8 26 Gl (92.3), Ol (7.7) 0.46 4.4 11.8
A3 1141 − 9.13 0 2.07 47.9 46 Gl, Ol, Cpx, Spa

A3-5 1119 − 9.41 0 1.97 48 68 Gl, Ol, Cpx, Spa

A4 1109 − 9.55 0 1.92 48.1 71 Gl, Ol, Cpx, Spa

B4 1201 − 6.90 1.5 0.43 49.6 22 Gl, Ol, Spa

B5 1169 − 7.28 1.5 0.41 49.6 42 Gl, Ol, Spa

B1 1139 − 7.66 1.5 0.38 49.6 70 Gl (76.3), Ol (7.4), Cpx (16.0), Sp (0.3) 0.59 11.1 4.3
B2 1118 − 7.93 1.5 0.36 49.6 69 Gl (66.3), Ol (7.1), Cpx (25.0), Sp (1.5) 0.50 2.7 4.3
B3 1099 − 8.18 1.5 0.34 49.7 94 Gl (48.0), Ol (7.3), Cpx (37.0), Pl (4.9), 

Sp (2.8)
0.43 2.4 4.2

D4 1221 − 5.17 3 0.24 149.8 24 Gl (100.0) 0.95 2.9 8.4
D5 1201 − 5.40 3 0.23 149.8 23 Gl (96.3), Ol (3.7) 0.80 1.9 11.8
D1 1170 − 5.77 3 0.22 149.8 32 Gl, Ol, Cpxa, Sp
D2 1140 − 6.14 3 0.20 149.8 65 Gl (70.5), Ol (5.6), Cpx (21.9), Sp (1.9) 0.58 1.5 6.0
D3 1120b − 6.40 3 0.19 149.8 70 Gl (56.1), Ol (4.8), Cpx (34.6), Sp (4.4) 0.51 1.3 4.0
D6 1101b − 6.65 3 0.18 149.8 93 Gl (41.1), Ol (4.4), Cpx (44.0), Pl (5.2), 

Sp (5.3)
0.40 5.5 6.8

NY17-209
A1 1201 − 8.40 0 2.35 47.7 18 Gl (96.8), Gl (3.2) 0.59 5.3 13.7
A2 1170 − 8.77 0 2.21 47.8 26 Gl (93.6), Ol (6.4) 0.70 7.4 20.2
A3 1141 − 9.13 0 2.07 47.9 46 Gl, Ol, Cpx, Spa

A3-5 1119 − 9.41 0 1.97 48 68 Gl, Ol, Cpx, Spa

A4 1109 − 9.55 0 1.92 48.1 71 Gl (69.7), Ol (7.5), Cpx (21.7), Sp (1.2) 0.60 5.0 13.6
B4 1201 − 6.90 1.5 0.43 49.6 22 Gl (97.2), Ol (2.8) 0.75 10.3 18.3
B5 1169 − 7.28 1.5 0.41 49.6 42 Gl (94.1), Ol (4.9), Sp (0.9) 0.96 3.3 18.2
B1 1139 − 7.66 1.5 0.38 49.6 70 Gl (83.5), Ol (6.4), Cpx (9.8), Sp (0.4) 0.48 9.2 9.9
B2 1118 − 7.93 1.5 0.36 49.6 69 Gl (60.1), Ol (4.7), Cpx (31.7), Sp (3.5)
B3 1099 − 8.18 1.5 0.34 49.7 94 Gl (44.7), Ol (3.7), Cpx (46.2), Sp (5.3) 0.69 8.1 5.7
D4 1221 − 5.17 3 0.24 149.8 24 Gl (99.2), Sp (0.8) 0.87 1.8 9.9
D5 1201 − 5.40 3 0.23 149.8 23 Gl (98.5), Sp (1.5) 0.79 2.0 7.2
D1 1170 − 5.77 3 0.22 149.8 32 Gl (94.1), Ol (3.7), Cpx (0.3), Sp (1.9) 0.76 5.0 10.6
D2 1140 − 6.14 3 0.20 149.8 65 Gl (55.3), Ol (2.4), Cpx (37.0), Sp (5.3) 0.75 5.4 5.8
D3 1120b − 6.40 3 0.19 149.8 70 Gl (41.4), Ol (3.0), Cpx (51.0), Sp (4.6) 0.97 9.6 15.3
D6 1101b − 6.65 3 0.18 149.8 93 Gl (38.9), Ol (1.0), Cpx (51.9), Sp (8.2) 0.98 2.9 6.2
AZKS003
G1139 1139 − 10.16 − 1 5.99 44 100 Gl (99.0), Pl (1.0) 0.76 16.9 0.0
G1124 1124 − 10.35 − 1 5.81 44.2 120 Gl (86.6), Ol (3.4), Cpx (0.7), Pl (9.3) 0.50 9.0 1.3
G1109 1109 − 10.55 − 1 5.63 44.4 142 Gl, Ol, Cpx, Pl, Spa

G1089 1089 − 10.81 − 1 5.35 44.6 161 Gl, Ol, Cpx, Pl, Spa, Ilm
G1071 1071b − 11.06 − 1 5.12 44.9 165 Gl (38.6), Ol (8.6), Cpx (13.4), Pl 

(36.7), Sp (0.5), Ilm (2.3)
0.82 0.3 11.5
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Run T 
(°C)

log fO2 ΔFMQ CO (ml/min) CO2 (ml/min) Dura-
tion 
(h)

Run products ΣR2 Fe-
loss 
[%]

Na-
loss 
[%]

G1050 1050b − 11.36 − 1 4.86 45.1 234 Gla, Cpxa, Pla, Sp, Ilm, Wta

E1168 1168 − 8.73 0 2.20 47.8 47 Gl (100) 0.83 12.1 7.6
E1139 1139 − 9.14 0 2.07 47.9 117 Gl (100) 0.56 12.7 0.9
E1124 1124 − 9.35 0 1.98 48 95 Gl, Ol, Cpx, Pl, Spa

E1105 1105 − 9.60 0 1.90 48.1 116 Gl (68.8), Ol (5.6), Cpx (5.5), Pl (18.9), 
Sp (1.2)

0.41 2.1 7.0

E1091 1091 − 9.77 0 1.84 48.2 184 Gl, Ol, Cpx, Pl, Spa, Ilm
E1072 1072 − 10.03 0 1.75 48.2 140 Gl (38.0), Ol (7.1), Cpx (14.1), Pl 

(37.3), Sp (1.7), Ilm (1.8)
0.59 1.6 11.5

E1050 1050b − 10.36 0 1.65 48.4 166 Gla, Cpxa, Pl, Sp, Wta

F1171 1171 − 7.26 1.5 0.41 49.6 47 Gl (100) 0.59 9.8 0.7
F1142 1142 − 7.61 1.5 0.38 49.6 93 Gl, Pl, Spa

F1111-SR 1111 − 8.01 1.5 0.35 49.7 67 Gl (71.4), Ol (3.6), Cpx (5.8), Pl (17.3), 
Sp (1.9)

0.45 1.4 3.4

F1111 1111 − 8.01 1.5 0.35 49.7 141 Gl (78.7), Ol (3.7), Cpx (3.8), Pl (13.4), 
Sp (0.4)

0.31 2.8 2.5

F1111-LR 1111 − 8.01 1.5 0.35 49.7 265 Gl (68.9), Ol (4.8), Cpx (5.5), Pl (20.2), 
Sp (0.6)

0.32 16.9 0.0

F1091 1091 − 8.29 1.5 0.34 49.7 162 Gl (52.8), Ol (4.7), Cpx (11.2), Pl 
(28.2), Sp (2.8), Ilm (0.1), Psb (0.3)

0.15 5.5 9.5

F1074 1074b − 8.51 1.5 0.32 49.7 188 Gl, Ol, Cpxa, Pl, Sp
F1050 1050b − 8.85 1.5 0.30 49.7 238 Gla, Cpxa, Pla, Sp, Wta

H1146 1146 − 6.08 3 0.21 149.8 142 Gl (96.9), Pl (1.8), Sp (1.36) 0.51 1.6 2.3
H1131 1131 − 6.26 3 0.20 149.8 147 Gl (82.4), Cpx (4.5), Pl (10.3), Sp (2.7) 0.42 0.6 2.6
H1095 1095b − 6.72 3 0.18 149.8 216 Gl (47.3), Ol (2.0), Cpx (17.4), Pl 

(27.5), Sp (4.5), Psb (1.3)
0.23 6.6 15.5

FO22-048
G1139 1139 − 10.16 − 1 5.99 44 100 Gl (99.8), Ol (0.2) 0.65 11.4 7.4
G1109 1109 − 10.55 − 1 5.63 44.4 142 Gl, Ol, Cpx, Pl, Spa

G1089 1089 − 10.81 − 1 5.35 44.6 161 Gl (77.4), Ol (3.0), Cpx (14.3), Pl (4.5), 
Sp (0.74)

0.32 4.8 3.2

G1071 1071b − 11.06 − 1 5.12 44.9 165 Gl (68.8), Ol (2.4), Cpx (22.5), Pl (3.8), 
Sp (2.5)

0.33 0.8 5.1

G1050 1050b − 11.36 − 1 4.86 45.1 234 Gl, Cpx, Pla, Sp, Ilm, Wta

E1168 1168 − 8.73 0 2.20 47.8 47 Gl (100) 0.66 7.2 13.1
E1139 1139 − 9.14 0 2.07 47.9 117 Gl (100) 0.60 6.8 10.0
E1124 1124 − 9.35 0 1.98 48 95 Gl, Ol, Cpx, Spa 0.52 6.9 3.1
E1105 1105 − 9.60 0 1.90 48.1 116 Gl (85.8), Ol (2.1), Cpx (10.7), Pl (1.0), 

Sp (0.5)
0.35 1.7 5.0

E1091 1091 − 9.77 0 1.84 48.2 184 Gl (73.3), Ol (2.1), Cpx (20.0), Pl (3.1), 
Sp (1.6)

0.36 3.6 3.0

E1072 1072 − 10.03 0 1.75 48.2 140 Gl (63.6), Ol (1.2), Cpx (25.7), Pl (5.8), 
Sp (3.7)

0.35 2.4 9.4

E1050 1050b − 10.36 0 1.65 48.4 166 Gl, Cpx, Pl, Sp, Ilm, Wta

F1171 1171 − 7.26 1.5 0.41 49.6 47 Gl (99.9), Sp (0.1) 0.55 2.1 0.8
F1142 1142 − 7.61 1.5 0.38 49.6 93 Gl (99.7), Sp (0.3) 0.46 3.7 1.4
F1111-SR 1111 − 8.01 1.5 0.35 49.7 67 Gl (81.0), Cpx (16.5), Sp (2.5) 0.46 0.9 2.7
F1111 1111 − 8.01 1.5 0.35 49.7 141 Gl (79.6), Cpx (18.5), Sp (1.8) 0.59 7.2 1.7
F1111-LR 1111 − 8.01 1.5 0.35 49.7 265 Gl (79.5), Cpx (16.5), Pl (1.2), Sp (2.8) 0.54 2.1 5.2
F1091 1091 − 8.29 1.5 0.34 49.7 162 Gl (67.8), Cpx (27.5), Pl (1.1), Sp (3.6) 0.41 5.5 2.5
F1074 1074b − 8.51 1.5 0.32 49.7 188 Gl (59.6), Cpx (32.1), Pl (3.0), Sp (5.3) 0.44 0.5 8.5
F1050 1050b − 8.85 1.5 0.30 49.7 238 Gla, Cpx, Sp, Wta

H1146 1146 − 6.08 3 0.21 149.8 142 Gl (93.1), Cpx (4.1), Sp (2.8) 0.52 3.8 2.0
H1131 1131 − 6.26 3 0.20 149.8 147 Gl (80.2), Cpx (15.7), Sp (4.1) 0.60 0.8 6.8
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Run T 
(°C)

log fO2 ΔFMQ CO (ml/min) CO2 (ml/min) Dura-
tion 
(h)

Run products ΣR2 Fe-
loss 
[%]

Na-
loss 
[%]

H1114 1114 − 6.47 3 0.19 149.8 162 Gl (67.6), Cpx (27.2), Pl (0.4), Sp (4.8) 0.72 0.5 12.1
H1095 1095b − 6.72 3 0.18 149.8 216 Gl (61.6), Cpx (29.4), Pl (3.6), Sp (5.4) 0.44 0.4 20.7
NM19ON009
G1139 1139 − 10.16 − 1 5.99 44 100 Gl (100) 0.85 20.1 0.4
G1124 1124 − 10.35 − 1 5.81 44.2 120 Gl (95.9), Ol (2.8), Cpx (1.1), Pl (0.2) 0.44 10.8 0.6
G1109 1109 − 10.55 − 1 5.63 44.4 142 Gl, Ol, Cpx, Pl, Spa

G1089 1089 − 10.81 − 1 5.35 44.6 161 Gl (72.3), Ol (4.5), Cpx (12.9), Pl (9.4), 
Sp (0.9)

0.37 13.6 0.8

G1071 1071b − 11.06 − 1 5.12 44.9 165 Gl (61.9), Ol (5.0), Cpx (17.6), Pl 
(13.2), Sp (2.2)

0.76 1.0 8.5

G1050 1050b − 11.36 − 1 4.86 45.1 234 Gl, Ola, Cpx, Pl, Sp, Ilm, Wta

E1168 1168 − 8.73 0 2.20 47.8 47 Gl (100) 0.74 6.4 5.2
E1139 1139 − 9.14 0 2.07 47.9 117 Gl, Ol, Spa

E1124 1124 − 9.35 0 1.98 48 95 Gl, Ol, Cpx, Pl, Spa

E1105 1105 − 9.60 0 1.90 48.1 116 Gl (84.4), Ol (4.2), Cpx (6.0), Pl (5.3), 
Sp (0.2)

0.49 1.7 2.5

E1091 1091 − 9.77 0 1.84 48.2 184 Gl (70.1), Ol (4.8), Cpx (12.4), Pl 
(11.6), Sp (1.1)

0.42 9.7 8.6

E1072 1072 − 10.03 0 1.75 48.2 140 Gl (64.6), Ol (3.4), Cpx (18.1), Pl 
(11.0), Sp (2.9)

0.33 1.7 4.2

E1050 1050b − 10.36 0 1.65 48.4 166 Gl, Ol, Cpx, Pl, Sp, Wta

F1171 1171 − 7.26 1.5 0.41 49.6 47 Gl, Spa

F1142 1142 − 7.61 1.5 0.38 49.6 93 Gl, Spa

F1111-SR 1111 − 8.01 1.5 0.35 49.7 67 Gl (81.0), Ol (0.5), Cpx (12.6), Pl (3.4), 
Sp (2.5)

0.27 5.3 3.8

F1111 1111 − 8.01 1.5 0.35 49.7 141 Gl (84.6), Ol (1.6), Cpx (13.0), Pl (0.5), 
Sp (0.2)

0.38 11.6 0.7

F1111-LR 1111 − 8.01 1.5 0.35 49.7 265 Gl (82.6), Ol (2.9), Cpx (8.6), Pl (5.4), 
Sp (0.5)

0.39 14.6 4.5

F1091 1091 − 8.29 1.5 0.34 49.7 162 Gl (65.4), Ol (1.4), Cpx (20.5), Pl (9.0), 
Sp (3.8)

0.35 6.0 8.2

F1074 1074b − 8.51 1.5 0.32 49.7 188 Gl (56.6), Ol (1.1), Cpx (23.4), Pl 
(13.0), Sp (5.8)

0.28 2.5 8.6

F1050 1050b − 8.85 1.5 0.30 49.7 238 Gl, Cpx, Sp, Psba, Rhoa

H1146 1146 − 6.08 3 0.21 149.8 142 Gl (97.7), Cpx (0.7), Sp (1.5) 0.65 9.2 1.6
H1131 1131 − 6.26 3 0.20 149.8 147 Gl (83.3), Cpx (11.9), Pl (1.2), Sp (3.6) 0.46 2.9 4.9
H1114 1114 − 6.47 3 0.19 149.8 162 Gl (71.3), Cpx (16.5), Pl (6.9), Sp (5.3) 0.48 1.5 6.2
H1095 1095b − 6.72 3 0.18 149.8 216 Gl (62.3), Cpx (21.1), Pl (10.3), Sp 

(6.3)
0.53 0.3 8.4

NY17-219
G1139 1139 − 10.16 − 1 5.99 44 100 Gl (100) 0.58 7.3 16.2
G1124 1124 − 10.35 − 1 5.81 44.2 120 Gl (99.7), Cpx (0.3) 0.57 10.5 13.5
G1109 1109 − 10.55 − 1 5.63 44.4 142 Gl, Cpx, Spa

G1089 1089 − 10.81 − 1 5.35 44.6 161 Gl, Ol, Cpx, Spa

G1071 1071b − 11.06 − 1 5.12 44.9 165 Gl (80.0), Cpx (18.3), Sp (1.8) 0.57 0.5 14.4
G1050 1050b − 11.36 − 1 4.86 45.1 234 Gl, Cpx, Sp, Nea

E1168 1168 − 8.73 0 2.20 47.8 47 Gl (100) 0.65 9.2 23.3
E1124 1124 − 9.35 0 1.98 48 95 Gl (100) 0.54 3.7 8.7
E1105 1105 − 9.60 0 1.90 48.1 116 Gl (93.5), Cpx (6.5) 0.55 1.7 2.5
E1091 1091 − 9.77 0 1.84 48.2 184 Gl (86.2), Cpx (12.8), Sp (1.0) 0.54 0.6 9.7
E1072 1072 − 10.03 0 1.75 48.2 140 Gl (78.8), Cpx (19.3), Sp (1.9) 0.43 2.9 12.8
E1050 1050b − 10.36 0 1.65 48.4 166 Gl, Cpx, Sp, Nea

F1171 1171 − 7.26 1.5 0.41 49.6 47 Gl, Spa

F1142 1142 − 7.61 1.5 0.38 49.6 93 Gl (99.5), Sp (0.5) 0.44 5.4 4.6
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Oxide phases produced along the ilmenite–haematite 
(Fe2+TiO3–Fe3+2O3)—pseudobrookite–ferropseudobrook-
ite (Fe3+2TiO5–Fe2+Ti2O5) solid solution were calculated 
using the method of Andersen et al. (1993). Olivine Fo con-
tent was calculated as molar [100∙Mg/(Mg + Fetot)], while 
plagioclase An content was calculated as molar [100∙Ca/
(Ca + Na)]. Clinopyroxene Mg# was calculated as molar 
[100∙Mg/(Mg + Fe2+)].

Attainment of equilibrium

Experimental equilibrium was determined based on compo-
sitional and textural characteristics. Crystals are generally 
euhedral, and show no compositional zonation (Figs. 4 and 
5). However, clinopyroxenes show compositional variabil-
ity as a result of sector zoning (e.g., Kouchi et al. 1983; 
Neave et al. 2019). Experimental glasses are also homoge-
nous, and along with mineral phases, generally display sys-
tematic compositional trends with changes in experimental 
conditions. Minor variability in phase compositions in some 
experiments is attributed to mixed analyses.

A few of the evolved experiments at the lowest tempera-
tures showed some signs of disequilibrium (bimodal glass 
compositions, phase compositions not in line with composi-
tional trend). These experiments are excluded from discus-
sion of compositional trends but were retained in Table 2 
and in phase diagrams (Fig. 2) to provide insights into min-
eral saturation temperatures, albeit with caveats.

Our run durations ranged between 18–238  h and were 
comparable to those used in similar previous studies 
(Mahood and Baker 1986; Thy and Lofgren 1994). We addi-
tionally performed a time series at 1111 °C and FMQ + 1.5 
with durations of 67, 141 and 265 h to assess the effect on 
the phase assemblage and compositions. All experiments 

111312-44), Plagioclase (NMNH 115900), Kakanui augite 
(NMNH 122142), Ilmenite (NMNH 96189), Magnetite 
(NMNH 114887) and Chromite (NMNH 117075) (Jarose-
wich et al. 1980) and MongOL Sh11-2 (Batanova et al. 
2019). Major element accuracies (determined using refer-
ence materials) are typically < 2%; 1σ precisions, deter-
mined from repeat measurements of reference materials, are 
reported in Table S1 (Supplementary Material 3).

Numerous algorithms are available for calculating iron 
speciation in melts (e.g. Kress and Carmichael 1991; Putirka 
2016; Borisov et al. 2018; Sun and Yao 2024). Each model 
is based on a different calibration dataset, with some better 
suited for certain compositions over others. Throughout this 
study, we chose to use the algorithm of Kress and Carmi-
chael (1991) to aid comparisons with other works where it is 
commonly used. Nonetheless, we evaluate the effect of this 
choice (e.g. on mineral-melt Fe–Mg exchange) in Supple-
mentary Material 2.

The proportions of Fe2+ and Fe3+ were determined 
stoichiometrically in clinopyroxene, spinel, ilmenite and 
pseudobrookite, using the method of Droop (1987), as rec-
ommended by Neave et al. (2024a, b). Due to small sizes and 
zoning features in clinopyroxene (see below) which have 
affected EPMA analyses, all clinopyroxene EPMA mea-
surements were evaluated for multicomponent equilibrium 
with the melt, using the equations of Putirka (1999) for the 
CaTs (CaAlAlSiO6) component and Mollo et al. (2013) for 
the DiHd (Ca(Mg,Fe2+)Si2O6) and EnFs ((Mg, Fe2+)2Si2O6) 
components respectively that treat all Fe as Fe2+. We sub-
sequently recalculated clinopyroxene components using 
the scheme of Neave et al. (2024a, b) that accounts for the 
presence of Fe3+. Clinopyroxene nomenclature follows the 
quadrilateral scheme of Morimoto (1988).

Run T 
(°C)

log fO2 ΔFMQ CO (ml/min) CO2 (ml/min) Dura-
tion 
(h)

Run products ΣR2 Fe-
loss 
[%]

Na-
loss 
[%]

F1111-SR 1111 − 8.01 1.5 0.35 49.7 67 Gl (90.5), Cpx (8.0), Sp (1.6) 0.51 0.6 5.3
F1111 1111 − 8.01 1.5 0.35 49.7 141 Gl 86.4), Cpx (12.3), Sp (1.2) 0.38 10.0 7.5
F1111-LR 1111 − 8.01 1.5 0.35 49.7 265 Gl (87.7), Cpx (10.3), Sp (2.0) 0.53 1.1 12.2
F1091 1091 − 8.29 1.5 0.34 49.7 162 Gl (76.0), Cpx (20.8), Sp (3.2) 0.49 0.7 12.2
F1074 1074b − 8.51 1.5 0.32 49.7 188 Gl (70.5), Cpx (25.8), Sp (3.7) 0.53 1.0 16.9
F1050 1050b − 8.85 1.5 0.30 49.7 238 Gl, Cpx, Sp, Wta

H1146 1146 − 6.08 3 0.21 149.8 142 Gl (98.1), Sp (1.9) 0.51 3.9 6.1
H1131 1131 − 6.26 3 0.20 149.8 147 Gl (90.5), Cpx (6.3), Sp (3.2) 0.46 1.1 5.9
H1114 1114 − 6.47 3 0.19 149.8 162 Gl (79.6), Cpx (16.5), Sp (3.9) 0.45 0.2 11.7
H1095 1095b − 6.72 3 0.18 149.8 216 Gl (70.7), Cpx (24.7), Sp (4.6) 0.53 0.0 28.6
Mass-balance calculations are missing for some samples due to at least one phase being too small for reliable EPMA measurements
Gl glass, Sp spinel, Ol olivine, Cpx clinopyroxene, Pl plagioclase, Ilm ilmenite, Psb pseudobrookite, Wt whitlockite, Rho rhönite, Ne nepheline
aPhase too small for reliable EPMA measurement
bThermal oscillations of + 10 °C above the target temperature were applied for the first 10 h of the experiment
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Fig. 2  Phase relations of the primitive compositions as a function of 
temperature and fO2. sp spinel, ol olivine, cpx clinopyroxene, pl pla-
gioclase, ilm ilmenite, psb pseudobrookite, wt whitlockite, rho rhönite, 
ne nepheline. Some phases listed are only present in experiments on 
evolved compositions. Filled segments in each marker reflect presence 

of the corresponding phase shown in the legend. Continuous lines 
mark the onset of crystallisation of a given phase. Dotted line indicates 
continuation of the phase boundary which has limited experimental 
constraints. Stars indicate experiments in which thermal oscillations 
were applied
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~ 1200–1220 °C to ~ 1170–1200 °C as fO2 increases from 
FMQ to FMQ + 3. Olivine is replaced by spinel as the first 
liquidus phase under oxidising conditions, except for sam-
ple NM20ON179, crystallizing at ~ 1141–1170 °C at FMQ 
and above 1200 °C at FMQ + 3. Clinopyroxene and plagio-
clase (where observed) show very similar saturation curves, 
with both phases showing only minor increases in satura-
tion temperature with increasing fO2. Sample AZKS052 
additionally crystallises pseudobrookite at 1120–1100 °C at 
FMQ + 3.

Evolved compositions

In contrast with the primitive series of experiments, phase 
relations and crystallisation temperatures in the evolved 
series are much less consistent between compositions but 
still show some common trends. Under oxidising condi-
tions (FMQ + 1.5 and FMQ + 3), spinel is the liquidus phase, 
saturating above 1171 °C in all samples except AZKS003, 
which saturates spinel between 1142  °C and 1171  °C at 
FMQ + 1.5. Similarly to the primitive experiments, the 
saturation temperature of spinel falls with decreasing fO2, 
crystallizing between 1109  °C and 1124  °C (AZKS003, 
FO22-048, NM19ON009) or between 1071 °C and 1089 °C 
(NY17-219) at FMQ-1. Under these reducing conditions, 
the liquidus phase varies between olivine (FO22-048, 
NM19ON009), clinopyroxene (NY17-219) or plagioclase 
(AZKS003) with starting composition. Olivine satura-
tion temperatures range from 1120 °C to above 1139 °C at 
FMQ-1, except for NY17-219 in which olivine crystallises 
at 1089–1109 °C. Saturation temperatures fall with increas-
ing fO2, though the stability of olivine also depends heavily 
on starting composition. In compositions with the highest 
alkali and CaO contents (FO22-048 and NY17-219), olivine 
is absent from the assemblage at higher fO2. Compositions 
with more SiO2 and less CaO (NM19ON009, AZKS003) 
produce olivine between 1111–1142 °C at FMQ + 1.5, with 
olivine being found at 1095  °C at FMQ + 3 in AZKS003 
(Fig. 5d), the composition with the lowest alkali content.

Clinopyroxene stability is weakly dependent on fO2, 
with clinopyroxene crystallizing between 1109–1140 °C at 
FMQ-1 and at temperatures ~ 10–15 °C higher at FMQ + 3. 
Plagioclase saturation varies little with fO2, but does vary 
with starting composition. Sample AZKS003 saturates in 
plagioclase at ~ 1140 °C, while the more silica-undersatu-
rated compositions NM19ON009 and FO22-048 produce 
plagioclase at ~ 1130–1140 °C and ~ 1110–1120 °C respec-
tively. The most silica-undersaturated sample, NY17-219, 
does not produce plagioclase, though nepheline is present in 
the lowest temperature runs at FMQ and FMQ-1 (Fig. 5c). 
Ilmenite is produced under all but the most oxidising con-
ditions for AZKS003, at ~ 1090–1110  °C. However, it is 

were found to have identical phase assemblages, with the 
exception of the long run for composition FO22-048, which 
produced additional plagioclase. This is likely due to a 
slight difference in the position of the experimental charge 
within the hotspot. Repeat experiments were also textur-
ally and compositionally similar, suggesting that chosen run 
durations were sufficient to approach equilibrium. For most 
compositions, Na-loss, calculated via mass-balance (see 
below), was highest for experiments with run durations of 
265  h, however in only one composition, NY17-219, did 
Na-loss increase monotonically with temperature.

Estimation of phase proportions

Modal phase proportions were estimated using a non-neg-
ative least squares algorithm implemented in python [​h​t​t​p​​
s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​e​​a​z​z​​z​o​n​​/​M​a​s​s​B​a​l​a​n​c​e​C​a​l] by Zhang et al. 
(2023) and are reported in Table  2. The sum of residual 
squares (ΣR2) was < 1 for all experiments. Iron- and Na-loss 
were calculated by including a pure FeO phase and a pure 
Na2O phase in the calculations. Experiments with signifi-
cant apparent Na-loss, in particular those at low tempera-
tures, are likely to be due to the challenges associated with 
measuring small glass pools. These experiments often have 
small residual melt pools (< 10 µm), leading to alkali migra-
tion during measurement with reduced beam diameters, or 
may only have melt pools at the edge of the experimental 
charge, where Na-loss is greatest, due to evaporation in the 
furnace at the liquid–gas interface (Tormey et al. 1987). 
These factors may lead to overestimation of Na-loss, and 
thus reported values should be treated as maximum values.

Results

Phase relations

The equilibrium phase relationships for primitive and 
evolved experiments are illustrated as temperature (T)-fO2 
diagrams in Figs. 2 and 3 and listed in Table 2.

Primitive compositions

At FMQ, olivine is the liquidus phase across all compo-
sitions, followed by spinel, clinopyroxene ± plagioclase 
(Fig. 2). Composition NY17-209, the most silica-undersat-
urated, is never observed to produce plagioclase. The sta-
bility of Fe bearing minerals such as olivine and spinel is 
most heavily affected by changes in fO2. With the excep-
tion of sample TDC69, where saturation temperatures are 
undefined (i.e. higher than our highest experimental tem-
perature), olivine saturation temperatures decrease from 
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1050 °C at FMQ + 1.5 in the latter. Rhönite is also observed 
in NM19ON009 under the same conditions. Whitlockite 
saturates in all samples between 1050–1070  °C. Samples 
AZKS003 and FO22-048 produce whitlockite at all fO2 

only present at 1050  °C for FO22-048 and NM19ON009 
at FMQ-1 to FMQ and FMQ, respectively. Pseudobrook-
ite is produced from AZKS003 (Fig. 5d) and NM19ON009 
under oxidising conditions, crystallizing at ~ 1090–1110 °C 
in the former, at FMQ + 1.5 and FMQ + 3, but only at 

Fig. 3  Phase relations of the evolved compositions as a function of temperature and fO2. Legend is the same as for Fig. 2
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measurement of phase composition. Similarly to olivine, 
this may be the result of rapid nucleation of different co-
crystallising phases (Marxer and Ulmer 2019).

Plagioclase compositions are shown as a function of 
temperature and fO2 in Fig.  7. The anorthite content of 
primitive plagioclase varies between An81 and An55, while 
that of evolved plagioclase varies between An71 and An27. 
Anorthite content decreases continuously with falling tem-
peratures for all starting compositions and redox conditions. 
Anorthite content additionally decreases slightly at a given 
temperature as prevailing fO2 conditions become more 
oxidising, an indirect effect of increased crystal fractions of 
clinopyroxene at higher fO2. In line with previous experi-
ments (Toplis and Carroll 1995; Feig et al. 2010; Mollo et 
al. 2011; Salazar-Naranjo and Vlach 2023), plagioclase Fe 
contents increase with increasing fO2.

The Ca-Na distribution coefficient between plagioclase 
and melt, KPl−Melt

DCa−Na
, is dependent on both temperature and 

composition (e.g. Hamada and Fujii 2007; Honma 2012; 
Namur et al. 2012). We observe strong positive correla-
tions between KPl−Melt

DCa−Na
 and melt Al2O3/SiO2, matching 

the observations of an alkali basalt of Honma (2012), and 
negative correlations between KPl−Melt

DCa−Na
 and melt Ca# 

(= Ca/Ca + Na). Composition FO22-048, whose melt has the 
highest Al2O3/SiO2, records plagioclase K

Pl−Melt
DCa−Na

 values 
between 2.25–3.19. Comparatively, AZKS052, whose melt 
has the lowest Al2O3/SiO2, records the lowest (0.84–1.22).

Clinopyroxene

Clinopyroxene occurs as small, euhedral crystals, which 
vary from prismatic to equant depending on starting compo-
sition. Crystals are typically < 10 µm, with those at the low-
est temperatures < 5  µm. Starting composition AZKS003 
proved an exception, producing very large clinopyroxene 
crystals, up to 150  µm in length. Clinopyroxene crystals 
were present in experiments at all fO2 conditions, provid-
ing the melt fraction was high and experimental tempera-
tures were close to the clinopyroxene liquidus (between 
1105–1124 °C).

The nature of clinopyroxene zoning depends strongly on 
the composition of the starting material, with many crystals 
displaying sector zoning. In our experiments, well devel-
oped sector zones could be observed even at the lowest 
temperature (Fig.  5c). We find that hourglass sectors are 
enriched in SiO2 and MgO, while prism sectors are enriched 
in Al2O3, TiO2 and FeO. Based on published experimental 
studies (e.g., Marxer et al. 2022; Neave et al. 2019; Zhang 
et al. 2023), we interpret sector zoning, observed to various 
degrees, as a feature typically explained by near-equilibrium 

conditions, but NM19ON009 and NY17-219 only produce 
it at FMQ and FMQ-1, and FMQ + 1.5 respectively.

Phase chemistry and textures

Olivine

Olivine crystals in both primitive and evolved experiments 
are typically euhedral, and often contain rounded or elon-
gate inclusions of glass (Figs.  4d, e, 5a, f). Crystal size 
decreases with temperature, with the largest crystals formed 
close to the liquidus. While most crystals are euhedral, some 
have rounded shapes (Fig. 4e), possibly a result of extensive 
initial crystallisation and subsequent partial resorption as 
experimental charges equilibrate (Berndt et al. 2005; Marxer 
et al. 2022). Solid inclusions are common, typically of spi-
nel at higher temperatures, while lower temperature olivine 
crystals may contain numerous different phases, likely as a 
result of rapid nucleation of different co-crystallising phases 
(Marxer and Ulmer 2019).

Olivine compositions are shown with respect to tempera-
ture and fO2 in Fig. 6. Primitive olivine forsterite contents 
range from Fo74 to Fo93, while evolved olivines are in the 
range Fo60 to Fo85. At a given temperature, olivine Fo con-
tent increases as a function of fO2, due to the higher Fe3+/
ΣFe content of equilibrium melts. This increase is most pro-
nounced between the highest fO2 conditions due to the non-
linear relationship between fO2 and melt Fe3+/ΣFe (Kress 
and Carmichael 1991; Feig et al. 2010), where the curve 
has a sigmoidal form. Forsterite content falls as temperature 
decreases, however the extent to which this occurs depends 
primarily on prevailing fO2 conditions, as well as melt com-
position. Under the most oxidising conditions, extensive 
crystallisation of magnetite-rich spinel lowers FeOtot con-
centrations in the melt, and combined with high melt Fe3+/
ΣFe produces consistently high-forsterite olivines.

Plagioclase

Plagioclase is characterised by large, euhedral, lath-shaped 
crystals, commonly bearing inclusions of spinel and clino-
pyroxene. Crystals may be up to 400  µm in length and 
50 µm in width (Fig. 5a, f), with plagioclase in experiments 
on evolved compositions typically larger than those in their 
primitive counterparts. Plagioclase laths decrease in size 
as experimental temperatures fall, with crystals < 3 µm in 
width found at the lowest temperatures (Fig. 4a vs b). They 
additionally acquire a more irregular, anhedral form in some 
compositions (Figs. 4d, 5d), appearing as fragmented laths. 
A similar effect is observed as fO2 is increased (Fig. 5a, b), 
where crystals decrease in size, and are filled with signifi-
cantly more inclusions, which in some cases inhibit accurate 
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0.67–2.67 for primitive compositions, and from 0.93–5.78 
for evolved compositions.

All clinopyroxenes become progressively depleted in the 
DiHd component with increasing fO2 (Fig.  8). The VIAl-
poor (primitive: FMQ, 0–0.09 apfu; FMQ + 3, 0–0.05 apfu; 
and evolved: FMQ-1, 0–0.11 apfu; FMQ + 3, 0–0.08 apfu) 
nature of clinopyroxene in our experiments, results in IVAl—
thought to mediate the incorporation of Fe3+ cations in clino-
pyroxene (Neave et al. 2024a, b)—predominantly forming 
the esseneite (Ess, CaFe3+AlSiO6) component (Fig. 8). The 
stability of esseneite is enhanced at high fO2 (Conte et al. 
2009) and is positively correlated with temperature (Fig. S4, 
Supplementary Material 2). In addition, IVAl is used to form 
the titanium pyroxene (CaTi, CaTiAl2O6) (Fig. 8) compo-
nent, whose concentration falls with temperature, as well as 
forming Na-bearing components. The IVAl bearing calcium-
Tschermak (CaTs, CaAlAlSiO6) component however, is 
only present in small quantities (≤ 0.03 apfu) at FMQ-1 and 
FMQ, if present at all.

Sodium is incorporated as both aegirine (Ae, NaFe3+Si2O6) 
and jadeite (Jd, NaAlSi2O6) components. Clinopyroxene 
Na2O contents are correlated with melt alkalinity index 
(= molar (Na2O + K2O)/Al2O3) (Fig.  S5, Supplementary 
Material  2), with the most alkaline starting compositions 
(NY17-209 and NY17-219) typically producing Na2O rich 
clinopyroxene, up to 0.6  wt% and 1.0  wt% respectively. 
Increasing fO2 and decreasing temperature promotes melt 
Na2O enrichment in both the melt (see below) and in clino-
pyroxene, where it is dominantly incorporated via Ae under 
the most oxidising conditions.

Spinel and Fe-Ti oxides

Several spinel supergroup minerals are found in our experi-
ments and are classified according to the method of Bosi et 
al. (2019). These spinels (sensu lato, s.l.) are present as sub-
hedral to euhedral, equant crystals, < 10 µm in size (Figs. 4, 
5), and are often seen as inclusions in other phases, pointing 
to early initial crystallisation.

Spinel s.l. are most commonly magnetite (Fe2+Fe3+2O4), 
or magnesioferrite (Mg2+Fe3+2O4) in experiments on primi-
tive compositions. Run D4 (1221 °C, FMQ + 3; AZKS052) 
and run B5 (1169  °C, FMQ + 1.5; FOGO16) produced 
spinel (sensu stricto) (Mg2+Al3+2O4), while hercynite 
(Fe2+Al3+2O4) was present in composition TDC69 in run 
A3-5 (1119 °C FMQ). Magnesioferrite is most stable under 
oxidising conditions and is absent from all experiments at 
FMQ. With both decreasing temperature and fO2, magnesio-
ferrite is replaced by magnetite. Spinel s.l. in experiments 
on evolved compositions are classified as either magnetite 
or ulvöspinel (Fe2+2Ti4+O4), with the latter restricted to 
experiments at FMQ and FMQ-1.

crystallisation at relatively low degrees of undercooling 
(ΔT = Tcpx-liquidus  –  Texperiment) (Kouchi et al. 1983; Ubide 
et al. 2019; Masotta et al. 2020). A value of ΔT < 45 °C is 
considered the threshold for the formation of sector-zoning 
(Masotta et al. 2020), however we continue to observe this 
feature even at ΔT ≥ 74 °C. This observation may be attrib-
uted to the isothermal nature of our experiments compared 
with those of Masotta et al. (2020) which were performed 
with defined cooling rates.

On occasion, clinopyroxenes, especially those produced 
from sample AZKS003, contained subhedral to anhedral 
patchy cores of Al-rich clinopyroxene (Fig.  5d). These 
cores, present at all fO2 conditions and over a wide array of 
temperatures, are typically distinguished by their irregular 
nature, with no consistent form observed between grains. 
These cores were unavoidable during analyses in some 
cases due to the small size of the crystals (Fig. 5d), or else 
difficult to distinguish from true Al-rich sectors in others. 
Similar features in previous experimental works, have been 
described as metastable cores formed during nucleation 
(Marxer et al. 2022), or skeletons of pyroxenes formed 
through rapid growth at high initial undercooling, later 
infilled or overgrown by Al-poor pyroxene (Pontesilli et al. 
2019; Masotta et al. 2020; MacDonald et al. 2023).

Clinopyroxenes from experiments on both primitive and 
evolved compositions fall in the diopside and augite fields 
of the clinopyroxene quadrilateral of Morimoto (1988), 
although many plot above the diopside–hedenbergite (Di-
Hd) tie line, a consequence of containing high proportions 
of non-quadrilateral components. Clinopyroxene Mg# (100 
Mg/(Mg + Fe2+)) ranges between 81–97 for primitive com-
positions and 73–97 for evolved compositions and cor-
relates positively with both fO2 (Fig.  8) and temperature 
(Fig. S4, Supplementary Material 2). Clinopyroxenes pro-
duced from the primitive composition NY17-209 however, 
show negative correlation between Mg# and temperature, 
which reflects the Mg# of the melt (when calculated as 100 
Mg/Mg + Fe2+), which remains high due to the high melt 
Fe3+/∑Fe. The partition coefficient Dcpx−melt

Fe3+  ranges from 

Fig. 4  Backscattered electron (BSE) images of run products obtained 
in experiments using primitive compositions. Ol olivine, Sp spinel, 
Cpx clinopyroxene, Pl plagioclase. A FOGO16 (FMQ + 1.5, 1139 °C) 
Large euhedral olivine with included plagioclase laths contain-
ing clinopyroxene and spinel inclusions; B FOGO16 (FMQ + 1.5, 
1099 °C) Similar to A, with much smaller grain size, and higher crys-
tal fraction of clinopyroxene and spinel, present throughout; C TDC69 
(FMQ, 1119  °C) euhedral olivine containing spinel inclusions, with 
small clinopyroxene; D AZKS052 (FMQ, 1119  °C) large euhedral 
olivine with disjointed chains of plagioclase containing small spi-
nel inclusions, and clinopyroxene; E NM20ON179 (FMQ, 1119 °C) 
rounded olivines (compared with those in C and D) containing spi-
nel and glass inclusions, and clinopyroxene; F NY17-209 (FMQ + 3, 
1100 °C) assemblage dominated by clinopyroxene along with spinel. 
Euhedral olivine is surrounded by glass
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in a similar range for both primitive and evolved, with 5.9–
6.1 wt% MgO.

Glass

Glasses cover a wide range of compositions (Fig.  10), 
with their evolutionary paths controlled by the types and 
proportions of crystallising mineral phases. They range 
from basaltic and basanitic to trachyandesitic (composi-
tions AZKS052, AZKS003, FOGO16 and TDC69), basa-
nitic to tephriphonolitic (compositions NM20ON179, 
NM19ON009, FO22-048 and NY17-219), and from basa-
nitic to nephelinitic (composition NY17-209), classified 
according to the fields defined by Le Bas et al. (1986) on 
the TAS diagram (Fig. 11a, c). The compositional evolution 
of glasses is shown as a function of decreasing temperature 
in Figs. S6–S9 (Supplementary Material 2), and as a func-
tion of MgO content in Fig. 10. In general, we see broadly 
similar compositional trends in those samples that produce 
similar crystallizing assemblages (e.g. primitive samples 
NY17-209, NM20ON179 and TDC69 and evolved samples 
NY17-219 and FO22-048).

We notice that, in addition to the bulk starting composi-
tion (see above), two parameters play key roles in controlling 
melt composition evolution: temperature and fO2. Across 
all samples and redox conditions, MgO contents decrease 
continuously with decreasing temperature. Similarly, CaO 
concentrations fall with temperature, albeit preceded by an 
initial phase of slightly increasing CaO in primitive samples 
(Fig. 10a, c, e, g), as long as clinopyroxene is not on the liq-
uidus. The most calcic starting composition, primitive sam-
ple NY17-209 reaches 16.8 wt% CaO before falling, while 
sample AZKS052, the least calcic primitive composition 
reaches only 12.1 wt% CaO. This inflection point coincides 
with the saturation of clinopyroxene. The extent to which 
CaO contents fall, after clinopyroxene saturation, increases 
as fO2 conditions become more oxidising.

With decreasing temperature, residual melts become 
increasingly enriched in incompatible elements. This is 
illustrated by Na2O and K2O both increasing as temperature 
falls (Figs. S6–S9, Supplementary Material 2). Note, how-
ever, that Na2O remains approximately constant at around 
4–4.5  wt% in evolved sample AZKS003, reflecting the 
lower anorthite content of plagioclase crystallised by this 
composition. In some evolved compositions, Na2O appears 
to fall at the lowest temperatures, though this is likely an 
artefact from alkali migration during measurement with 
smaller beam sizes (see above). P2O5 follows similar trends 
to the alkalis, rising in primitive and evolved samples alike, 
before the saturation of whitlockite at 1050  °C, at which 
point concentrations are either maintained or fall.

Figure 9 shows the main compositional trends observed 
in spinel supergroup minerals. Spinel s.l. composition 
is highly dependent on temperature in addition to fO2, 
with Fe3+# (i.e., Fe3+/Fe3+ + Al3+) and Fe2+# (i.e., Fe2+/
Fe2+ + Mg2+) increasing systematically as temperature falls 
(Fig.  9a). As fO2 increases from FMQ-1 to FMQ + 3, spi-
nel s.l. compositions are shifted to lower Fe2+# and higher 
Fe3+#. TiO2 content is also coupled with Fe2+# (Fig. 9b), sta-
bilising ulvöspinel at low temperatures and fO2 conditions.

Spinels s.l. with significant Cr2O3 contents, up to 
24.7 wt% and 11.1 wt% in primitive and evolved experi-
ments respectively, are found only in high temperature 
experiments from each series. Moreover, Cr2O3 contents fall 
with temperature, with the onset of clinopyroxene crystalli-
sation typically coinciding with the disappearance of Cr2O3 
(< 1 wt%) from spinel s.l. compositions, as also observed by 
Feig et al. (2010).

Other oxide phases produced in these experiments are 
ilmenite (Fe2+TiO3) and pseudobrookite (Fe3+2TiO5). Ilmen-
ite, present in evolved experiments, is typically euhedral 
and elongate, up to ~ 10 µm in length, but may also appear 
as equant, blocky crystals. Ilmenite composition is corre-
lated with both fO2 and temperature. Xilm decreases with 
temperature, and with increasing fO2, with Xilm falling from 
Xilm = 0.95 to Xilm = 0.79 between FMQ-1 and FMQ + 1.5.

Pseudobrookite, present at FMQ ≥ 1.5, forms chains 
of subhedral, elongate crystals up to 15  µm in length in 
primitive samples but takes on a more euhedral shape in 
experiments on evolved compositions, up to 30  µm in 
length (Fig.  5d). Experiments on primitive compositions 
have pseudobrookite with XPsb = 0.68–0.72. In experiments 
on evolved compositions, XPsb = 0.47–0.64, increasing by 
0.17 between FMQ + 1.5 and FMQ + 3, a result of increas-
ing Fe3+ content in the melt. Primitive pseudobrookites are 
slightly richer in Al2O3, with 2.1–2.4 wt%, compared with 
1.6–1.8 wt% in evolved pseudobrookite. MgO content falls 

Fig. 5  BSE images of run products obtained in experiments using 
evolved compositions. Ol olivine, Sp spinel, Cpx clinopyroxene, Pl 
plagioclase, Psb pseudobrookite, Neph nepheline. A FO22-048 (FMQ-
1, 1089  °C) large euhedral olivine containing rounded glass inclu-
sions and large euhedral plagioclase, with small clinopyroxene and 
spinel crystals, often included in plagioclase; B FO22-048 (FMQ + 3, 
1095 °C) at higher fO2 grain size is smaller, olivine is absent, and spi-
nel and clinopyroxene are ubiquitous; C NY17-219 (FMQ-1, 1050 °C) 
large euhedral nepheline included with sector zoned clinopyroxene; 
D AZKS003 (FMQ + 3, 1095 °C) elongate disjoined plagioclase with 
small spinel inclusions, euhedral olivine, clinopyroxenes containing 
patchy Al-rich cores, spinel and pseudobrookite; E NM19ON009 
(FMQ + 1.5, 1074 °C) euhedral plagioclase laths, clinopyroxene and 
spinel, with the latter two often included in plagioclase. Pockets of 
melt found between areas of higher crystallinity; F NM19ON009 
(FMQ, 1095  °C) very large, euhedral olivine with elongate glass 
inclusions, euhedral plagioclase with some smaller grains containing 
included clinopyroxene and spinel
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2013), although the paired immiscible melts are not clearly 
separated in our experiments. Such potential diffuse immis-
cibility has been reported in previous studies (e.g. Longhi 
1990; Charlier and Grove 2012; Honour et al. 2019) but the 
compositional field for the onset of immiscibility along the 
evolution of alkali basalts remains to be investigated at tem-
perature < 1050 °C.

Prevailing fO2 conditions influence the evolution of 
many elements, and SiO2, FeO and TiO2 in particular, are 
mainly controlled by the crystallisation of spinel and Fe-Ti 
oxides. In all experiments, excluding evolved experiments 

Some melts show bi-modal compositions at the lowest 
temperatures in the evolved series. Specifically, we observe 
that conjugate high-silica melts are enriched in Al2O3, 
Na2O and K2O, and depleted in TiO2, FeO, MgO, CaO and 
P2O5 relative to their low-silica counterparts. This may be 
the result of poor equilibration of these particular samples, 
with melts reflecting the nearest crystallizing phases, i.e. the 
development of a compositional boundary layer in highly-
polymerized melts. Alternatively, elemental partitioning 
indicates that we may be observing the initiation of sili-
cate immiscibility (Charlier and Grove 2012; Charlier et al. 

Fig. 7  Plagioclase anorthite content at a given fO2 as a function of temperature, for plagioclase found in experiments using primitive (symbols with 
black outlines) and evolved starting compositions (symbols with coloured outlines)

 

Fig. 6  Olivine forsterite content at a given fO2 as a function of temperature, for olivines found in experiments using primitive (symbols with black 
outlines) and evolved starting compositions (symbols with coloured outlines)
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of spinel increases significantly. Silica enrichment ranges 
between 4.8 wt% (AZKS048) and 8.0 wt% (NM20ON179) 
over starting composition values for primitive composi-
tions at FMQ + 3. In the evolved experiments, liquids are 
progressively enriched in SiO2 in all samples and at all 
fO2 conditions. enrichment is enhanced most under oxidis-
ing conditions, after clinopyroxene crystallisation, though 
experiments at FMQ + 3 were not continued to low tempera-
ture to enable direct comparisons.

Both FeO and TiO2 show similar trends at FMQ; they 
are progressively concentrated in primitive melts, with the 
effect particularly evident for TiO2. At FMQ + 1.5, extensive 
spinel crystallisation leads to falling FeO (Fig. 10f), up to 
2.4 wt% over a temperature interval of 21 °C, and the plateau 

at FMQ + 3 where no experiments were conducted close 
to the liquidus, there is an initial crystallisation interval in 
which SiO2 contents remain stable or increase only mini-
mally. In the primitive experiments, we begin to see the 
effect of prevailing redox conditions on SiO2 at ~ 1140 °C, 
coinciding with the onset of clinopyroxene crystallisation. 
At FMQ, where little spinel crystallises, we observe SiO2 
depletion of up to 1.8  wt% over a temperature interval 
of 32  °C (Fig.  S7, Supplementary Material 2). In sample 
NM20ON009 however, a SiO2 enrichment of 1.1 wt% is 
observed. At FMQ + 1.5, all samples excluding AZKS052 
show SiO2 enrichment (Fig.  S8, Supplementary Mate-
rial  2), which is most extreme under the most oxidising 
conditions as melt fractions dwindle and the proportion 

Fig. 8  Clinopyroxene components as a function of fO2 calculated using 
the method of Neave et al. (2024a). a Mg#, where Mg# = 100 Mg/
(Mg + Fe2+); b diopside and hedenbergite, DiHd, Ca(Mg, Fe2+)Si2O6); 

c esseneite, Ess, CaFe3+AlSiO6; and d titanian calcium-Tschermak’s 
components CaTi (CaTiAl2O6). Spread observed at each fO2 condition 
for a given starting composition reflects the effect of temperature
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and at FMQ + 3 they continue to increase. This reflects the 
increase in the proportion of clinopyroxene, spinel (s.l.) and 
Fe-Ti oxides relative to plagioclase as fO2 increases.

Discussion

Effect of bulk composition on phase equilibria

Liquid line of descent and degree of silica-saturation

The compositions we investigated differ significantly in 
their degree of silica-saturation. In order to discuss the 
effect of silica-saturation on phase equilibria, CIPW nor-
mative components were calculated using the pyrolite 
python package developed by Williams et al. (2020). Melt 
Fe3+/ΣFe ratios were determined using the algorithm of 
Kress and Carmichael (1991) by considering the nomi-
nal experimental fO2. CIPW norm components were then 
used to calculate the feldspathoid silica-saturation index 
(FSSI) of Frost and Frost (2008), where FSSI = normative 
Qz  −  [Lc + 2(Ne + Kp)]/100. Figure  12 shows the varia-
tion of FSSI with temperature. Most starting compositions 
are nepheline normative, with the exception of AZKS052 
and AZKS003, which are both hypersthene normative 
(FSSI = 0). We find that the slope of liquid lines of descent 
(LLDs) in Na2O + K2O vs SiO2 space is in part controlled by 
the FSSI of the starting composition (Fig. 11a, c). The most 
undersaturated compositions tend to have steeper LLDs, 
becoming enriched in alkalis through significant crystalli-
sation of phases that concentrate alkalis in the melt such 

or fall of TiO2 in all samples excluding AZKS052. Under 
the most oxidising conditions, TiO2 and FeO fall for most 
primitive samples. Sample AZKS052 however, saturates 
pseudobrookite, which strongly controls melt TiO2 content. 
In this sample TiO2 rises, reaching 4.1 wt% before pseu-
dobrookite begins to crystallise, at which point it declines. 
Evolved compositions at FMQ-1 show initial increase in 
FeO (Fig.  10b) followed by a subsequent decrease at the 
onset of spinel crystallisation. This trend is replicated for 
TiO2 which reaches up to 3.9 wt%, in samples AZKS003, 
NM19ON009 and FO22-048, all of which have ilmenite in 
their low temperature assemblages. In NY17-219 however, 
TiO2 falls at a continuous and steady rate. As fO2 increases, 
earlier spinel crystallisation in higher proportions leads 
to a continuously decreasing trend for both FeO and TiO2 
contents in all evolved samples, with no initial period of 
increasing concentrations.

Alumina displays contrasting trends that depend pre-
dominantly on starting composition and, in particular, on 
the alkali content. For highly alkaline compositions, we 
observe a steady, continuous rise in Al2O3 concentrations. In 
these compositions, plagioclase is typically absent, or only 
formed in minimal amounts compared to the proportion of 
Al-free phases. In less alkaline samples such as AZKS052 
and AZKS003 however, where plagioclase is more abun-
dant, we see Al2O3 increase to the point of plagioclase satu-
ration, typically around 1140  °C, before its concentration 
then declines. In sample FOGO16, we see a blend of both 
trends, with conditions at FMQ producing the same trend as 
for samples AZKS052 and AZKS003, while at FMQ + 1.5 
Al2O3 concentrations plateau after plagioclase saturation, 

Fig. 9  Experimental spinels s.l. from both primitive and evolved experiments. a Binary classification diagram of Gargiulo et al. (2013) showing 
Fe2+# vs Fe3+#, and b binary diagram of Ti (apfu) vs Fe2+#
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Fig. 10  Melt oxide concentrations (normalised 
to 100 wt%) of CaO and FeOtot as a function 
of MgO content, for experiments using primi-
tive (symbols with black outlines) and evolved 
starting compositions (symbols with coloured 
outlines). Half-filled symbols joined with 
dashed lines reflect experimental charges with 
bimodal glass compositions, where silica-rich 
components are filled on the left side of the 
symbol, and silica-poor components are filled 
on the right
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Fig. 11  Total alkalis (Na2O + K2O wt%) versus SiO2 (wt%) plots and 
NBO/T (see discussion below for calculation method) versus tem-
perature plots for a, b experiments using primitive compositions, c, d 
experiments using evolved compositions. Half-filled symbols joined 
with dashed lines seen in c reflect experimental charges with bimodal 
glass compositions, where silica-rich components are filled on the left 
side of the symbol, and silica-poor components are filled on the right. 

Bimodal glass compositions were excluded from b and d. Asterisks 
on certain evolved experiments in c denote those where analytical 
difficulties (e.g. small melt pools) meant that alkali-migration was 
unavoidable, and values are lower than expected. Shaded regions in 
a and c reflect the compositional range of olivine, clinopyroxene and 
plagioclase in our experiments
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Melt fractions at any given temperature are linked to the 
composition of the starting material. In the evolved compo-
sitions there is a trend for increasingly silica-undersaturated 
(i.e. low FSSI) melts, and NY17-219 in particular, to have 
high melt fractions. Salazar-Naranjo and Vlach (2023) also 

as clinopyroxene. Silica-saturated compositions (AZKS052 
and AZKS003) meanwhile, tend to crystallise higher pro-
portions of phases such as plagioclase, in which alkalis are 
more compatible, and hence display much shallower trends, 
dominated by silica-enrichment.

Fig. 12  Melt feldspathoid silica saturation index (FSSI) vs. tempera-
ture, where FSSI = normative Qz  −  [Lc + 2(Ne + Kp)]/100. a Experi-
ments using primitive compositions; b experiments using evolved 
compositions; c experiments using primitive and evolved composi-
tions, coloured symbols indicate presence of olivine; d experiments 

using primitive and evolved compositions, coloured symbols indicate 
presence of plagioclase. Circled experiments produce nepheline at 
1050 °C. The mean error in calculated FSSI is 0.02, which is about the 
size of the symbols shown
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falling temperature (Fig. 11b). As the only primitive sample 
not to saturate plagioclase, Al2O3 contents rise dramati-
cally from 11.5 wt% in the starting material, to 18.0 wt% at 
1101 °C and FMQ + 3, while CaO plummets from 14.0 wt% 
to 8.2 wt% due to the abundant clinopyroxene crystallisa-
tion. This leads NBO/T to fall from 1.03 to 0.45 at FMQ + 3. 
In comparison, AZKS052 shows low initial NBO/T (0.73–
0.79), which falls until plagioclase saturation at ~ 1140 °C, 
at which point NBO/T either increases slightly (FMQ) 
or plateaus (FMQ + 1.5) at around ~ 0.66. Only under the 
most oxidising conditions does this silica-saturated sample 
become increasingly polymerised under falling tempera-
tures, when the increase in spinel crystallisation leads to the 
concentration of SiO2 in the melt.

Evolved compositions show similar trends to the 
primitive compositions, with only silica saturated sample 
AZKS003 showing an initial increase of NBO/T at FMQ-1 
and FMQ, due to early plagioclase crystallisation, which 
depletes the melt in the network-forming SiO2 and Al2O3 
(Fig. 11d). The crystallisation of plagioclase exerts a strong 
effect on the evolution of melt polymerization. While 
NM19ON009 has a lower FSSI than AZKS003, and both 
have similar assemblages, the proportion of plagioclase is 
up to 3.3 times higher in AZKS003 than NM19ON009. This 
results in NM19ON009, despite its much higher melt frac-
tion at a given temperature, having a much lower NBO/T 
than AZKS003, whose polymerization only increases sig-
nificantly at FMQ + 3.

Effect of bulk composition on olivine stability

The presence of olivine depends predominantly on melt 
MgO and CaO contents. In the primitive experiments, as 
previously stated, TDC69 saturates olivine much earlier 
than the other samples, and in significantly higher propor-
tions than any other sample, primitive or evolved. This is 
the effect of this sample’s high MgO (11.8 wt.%) content, 
which promotes high olivine liquidus temperatures (Roeder 
and Emslie 1970; Sugawara 2000).

In the evolved experiments, olivine stability also depends 
strongly on composition, with the size of the olivine sta-
bility field inversely correlated with silica undersatura-
tion (Fig. 12c). As silica-undersaturation increases, olivine 
becomes unstable under more oxidising conditions, and is 
absent from all experiments bar one at FMQ-1 in NY17-
219, the most silica-undersaturated. Olivine stability also 
correlates inversely with the CaO content of the starting 
composition. The stability field of clinopyroxene widens 
while olivine is removed from the liquidus at high fO2 con-
ditions in our high CaO samples, an observation similarly 
reported by Conte et al. (2009) in their CaO doped experi-
ments. Furthermore, the addition of P2O5 is suggested to 

found higher melt fractions in experiments using a basanite 
starting composition compared with a tephrite. A contribut-
ing factor to high melt fraction in our experiments comes 
from the inability of these highly-undersaturated compo-
sitions to crystallise significant quantities of plagioclase, 
while experimental temperatures are still too high to produce 
silica-undersaturated phases such as nepheline. Nepheline is 
only observed ~ 60–90 °C below the saturation temperature 
of plagioclase in evolved compositions.

Relationships between composition and resulting melt 
fraction are less clear for primitive compositions than for 
evolved compositions. At high temperatures, all samples 
have similar melt fractions, with the exception of the 
high-FeO (14.2 wt%) and high-MgO (1185 wt%) sample 
TDC69, which saturates both in olivine and spinel at higher 
temperatures than the other primitive compositions and at 
temperatures beyond the range explored in this work. After 
clinopyroxene saturation, melt fraction largely depends on 
prevailing fO2 conditions and not as much on the experi-
mental bulk composition.

Assessing the influence of the experimental starting 
composition on the degree of melt evolution across the 
investigated temperature range is challenging due to the 
multidimensional nature of the 10-component composi-
tions. Instead, to simplify our analysis, we use the parameter 
NBO/T, which describes the degree of melt polymerisation 
(Mysen 1983) and may be used as a proxy for melt differ-
entiation (Fig. 11b, d). NBO/T is calculated from the ratio 
of non-bridging oxygens to tetrahedral cations, with lower 
NBO/T values indicating more polymerised, differentiated 
melts. In calculating NBO/T, Fe3+ is often assumed to be a 
network-former alongside Si4+, Al3+, Ti4+ and P5+. However, 
in reality it may also act as a network-modifier, depending 
on its coordination in the melt (Mysen 2021; Le Losq and 
Sossi 2023). Here we assume that all Fe3+ cations are net-
work-formers. At high temperatures, silica-undersaturated 
compositions tend to be the least polymerised, due to lower 
melt SiO2 contents, and higher proportions of alkalis and 
CaO, which act as network-disruptors or -modifiers (Mysen 
1983, 2021; Borisov et al. 2017). Combined with their 
higher melt fraction, this implies that in general, very silica-
undersaturated compositions can produce large volumes 
of relatively low-viscosity melts at a given temperature 
(Salazar-Naranjo and Vlach 2023), in which crystal-melt 
segregation may be easier, when compared with less under-
saturated compositions.

The primitive group of starting compositions tend to 
have higher NBO/T values than their evolved counterparts, 
due to their lower proportion of tetrahedral cations and, 
with a few exceptions, NBO/T falls with temperature. Sam-
ple NY17-209, the most undersaturated primitive sample, 
experiences the greatest increase in polymerisation with 
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The effect of fO2 on phase equilibria

Effect on melt evolution

A wide range of residual glass compositions can be pro-
duced through equilibrium crystallisation by varying tem-
perature and fO2. The degree of silica-saturation depends 
strongly on redox conditions (Fig.  12), with both primi-
tive and evolved melts evolving towards silica-enrichment 
at FMQ + 3. At FMQ, primitive compositions FOGO16, 
TDC69 and NM20ON179 produce increasingly silica-
undersaturated liquids with falling temperature, evolving 
towards lower FSSI values. A similar result was observed 
by Salazar-Naranjo and Vlach (2023), who performed com-
parable experiments on a basanite and tephrite at 1 atm. In 
our evolved compositions, however, there is no clear dis-
tinction in terms of silica-saturation trends between experi-
ments between FMQ-1 and FMQ + 1.5. Only at FMQ + 3 do 
we see a distinct evolutionary trend towards higher FSSI 
values.

The most silica-undersaturated primitive starting compo-
sition, NY17-209, is an outlier, with increasing fO2 promot-
ing silica-depletion, rather than enrichment. From the major 
element data (Figs. S7–S9, Supplementary Material 2), we 
see a rapid increase in alkali contents with decreasing tem-
peratures at the highest fO2 conditions in this composition. 
The crystal assemblage of NY17-209 is dominated by clino-
pyroxene (crystal fractions up to 51.9 wt%, the highest of 
any sample), concentrating alkalis in the melt while deplet-
ing it in silica. High melt Fe3+/ΣFe (see below) limits the 
crystallisation of olivine, which would otherwise enrich the 
melt in silica, along with the crystallisation of spinel, and 
the melt evolves towards lower FSSI.

In addition to compositional controls, melt fraction also 
depends strongly on prevailing fO2. Specifically, melt frac-
tion falls with increasing fO2, thus producing more evolved 
residual melts at any given temperature. These melts sub-
sequently have the lowest NBO/T, due to their enrichment 
in tetrahedral cations. Plotting melt evolution on the TAS 
diagram (Fig. 11a) reveals distinct LLDs for each fO2 condi-
tion for primitive starting compositions, where silica enrich-
ment increasingly dominates over alkalis as fO2 increases. 
The origin of the divergence in LLDs is clearer in Fig. 12. 
At high temperatures, FSSI values are similar at all fO2 con-
ditions. FSSI values only begin to deviate significantly at 
~ 1140 °C, which coincides with the onset of clinopyroxene 
crystallisation. Depleting melt silica contents and enriching 
alkali contents produces more silica-undersaturated melts at 
FMQ. At higher fO2, the onset of clinopyroxene crystallisa-
tion is associated with an increase of spinel crystal fraction, 
as clinopyroxene concentrates FeOtot and TiO2 in the melt. 
The incompatibility of both alkalis and silica in spinel leads 

destabilise olivine at reducing conditions (Toplis et al. 
1994) and FOGO16 and NY17-209, which have the highest 
P2O5 contents, tend to crystallise the lowest proportions of 
olivine.

Effect of bulk composition on clinopyroxene stability

Clinopyroxene saturation temperatures in the primitive 
experiments are typically ~ 20 °C higher than those in the 
evolved experiments. We attribute this to higher melt MgO 
and CaO contents in the former, which are correlated with 
clinopyroxene saturation temperatures (Chen and Zhang 
2009; Conte et al. 2009; Romano et al. 2020).

The melt composition is also correlated with the phase 
proportions of clinopyroxene, with higher crystal fractions 
correlated with higher melt Mg#. For a given melt frac-
tion, the crystal fraction of clinopyroxene increases with 
decreasing FSSI, such that the most undersaturated samples 
(NY17-209 and NY17-219 for experiments on primitive 
and evolved compositions respectively) have a mineral 
assemblage dominated by clinopyroxene. This effect is 
likely related to the high CaO contents of these composi-
tions, where clinopyroxene crystallisation is promoted at the 
expense of phases such as olivine (Conte et al. 2009).

Effect of bulk composition on plagioclase stability

The timing of plagioclase saturation is tied to silica-satura-
tion (Fig. 12d), with the most undersaturated compositions 
from the primitive and evolved series producing plagioclase 
at the lowest temperatures of their group, in lower propor-
tions, or not at all (NY17-209, NY17-219). The suppression 
of plagioclase in the most SiO2-undersaturated experiments 
is a consequence, primarily, of the low effective silica activ-
ity in these melts. This is captured by the simple equilibrium 
NaAlSiO4 + 2SiO2 = NaAlSi3O8, which demonstrates the 
higher silica requirement to form albite. As effective aSiO2 
decreases, the melt increasingly favours feldspathoid com-
ponents relative to feldspar. This first order silica activity 
effect is reinforced by bulk composition controls: the most 
undersaturated compositions are often Ca-rich and become 
clinopyroxene dominated, which acts as a major sink for Ca 
(and some Al), reducing the stability of the anorthite com-
ponent of plagioclase and contributing to its suppression in 
these compositions.

Strong correlations are observed between melt SiO2, Ca# 
(Ca# = molar Ca/(Ca + Na)) and plagioclase An#, with low 
silica, high Ca# melts, such as those in the primitive series, 
producing more anorthitic plagioclase than those in more 
evolved melts (Panjasawatwong et al. 1995; Namur et al. 
2012; Neave and Namur 2022).
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evolved compositions alike, predominantly acts to concen-
trate alkalis in the melt, while depleting melt CaO.

It is well recorded that redox conditions strongly control 
the saturation of spinel (s.l.) and Fe-Ti oxides (e.g. Top-
lis and Carroll 1995; Zhang et al. 2023). Higher liquidus 
temperatures, and enhanced spinel crystallisation, induces 
silica- and alkali-enrichment in the melt during crystallisa-
tion under oxidising conditions, while depleting it in FeOtot. 
In experiments using primitive starting compositions, the 
crystal fraction of spinel is widely variable. At FMQ crystal 
fractions are less than 1.2%, while at FMQ + 3 they reach up 
to 11.5%, and this variability is predominantly responsible 
for the variable LLDs we observe. Comparatively, in exper-
iments using evolved starting compositions, the spread in 
spinel fractions is much lower, and crystal fractions only 
increase significantly at FMQ + 3. This difference is in part 
due to the lower availability of Fe in evolved composi-
tions, which have lower bulk FeOtot, alongside higher P2O5 
contents.

Our results demonstrate the highly diverse range of liq-
uid lines of descent that can be produced through variations 
in fO2 and bulk composition alone. Despite this, we were 
unable to produce any of our natural, evolved starting com-
positions, through crystallisation of a primitive one, indicat-
ing other factors such as pressure and crustal assimilation 
may play an important role.

Olivine-melt Fe–Mg exchange coefficients

Beyond controlling the evolution of the liquid itself, fO2 
strongly influences apparent Fe–Mg exchange equilibria 
between minerals and melts. For ferromagnesian minerals, 
this is mainly a reflection of the melt Fe3+/ΣFe (Kress and 
Carmichael 1991; Borisov et al. 2018) ratio, as well as the 
amount of Fe3+ incorporated into the mineral structure (e.g. 
Neave et al. 2024a, b).

Our experiments also cover a large range of fO2 condi-
tions when compared with natural variability (Fig. 1), and 
a wide range of melt composition. We can therefore inde-
pendently investigate the role of both of these parameters in 
controlling mineral-melt Fe–Mg equilibria.

Figure  S11 (Supplementary Material  2) clearly dem-
onstrates the strong dependency of olivine-melt Fe–Mg 
exchange coefficients on both the melt Fe3+/ΣFe ratio 
(Fig.  S11a) and the melt composition, decreasing with 
increasing silica undersaturation (Fig. S11b) (Mysen 2006; 
Borisov and McCammon 2010; Putirka 2016; Borisov et al. 
2017; Saper et al. 2022). These observations are related to the 
effect of melt Fe3+/∑Fe on melt structure (Mysen 2006) and 
the activity of components such as FeO in the melt, which 
is known to increase with alkali content (O’Neill 2021; 
Saper et al. 2022). After calculating melt Fe3+/ΣFe using 

to the production melts with high alkali contents but also, 
critically, high silica contents, with higher FSSI values.

Experiments on evolved compositions meanwhile do not 
show distinct LLDs for each fO2 condition. Much like the 
trends observed in FSSI, we observe similar LLDs on the 
TAS-diagram (Fig.  11c) at FMQ-1 to FMQ + 1.5. Unlike 
clinopyroxene in primitive experiments, evolved clino-
pyroxenes do not act to deplete melt silica, and typically 
contain FeOtot at concentrations comparable to the starting 
materials. This means that they do not enrich the melt in 
FeOtot to the same extent as clinopyroxenes in experiments 
on primitive compositions. Crystal fractions of spinel are 
therefore similar at conditions lower than FMQ + 3 and we 
observe similar LLDs on the TAS-diagram. It is only the 
significant increase in spinel crystal fraction that occurs at 
FMQ + 3 that promotes higher FSSI values and produces 
distinct LLDs that are silica-enriched relative to those at 
lower fO2 (Fig. 10b).

The abundance of Fe3+ (Fig. S10, Supplementary Mate-
rial 2) in the melt also depends on the degree of silica-under-
saturation. As FSSI decreases, the Fe3+/ΣFe ratio increases, 
with the effect being strongest at the highest fO2. This results 
from the addition of Na2O, found in the highest concentra-
tions in the most undersaturated compositions, and lower 
melt silica content, both of which increase equilibrium Fe3+/
ΣFe (Thy and Lofgren 1994; Borisov et al. 2013, 2017). 
This in turn influences the crystallising assemblage, most 
significantly for Fe-bearing phases. The stability field of 
olivine, whose crystallisation increases melt silica and alka-
lis, shrinks with increasing melt Fe3+/ΣFe due to its depen-
dence on the activity of Fe2+ in the melt, crystallising in 
smaller fractions as conditions become more oxidising. We 
also observe that ilmenite is replaced by pseudobrookite as 
melts become more oxidising due to its Fe3+-rich composi-
tion (Mullen and McCallum 2013).

The crystal fraction of clinopyroxene in experiments per-
formed on primitive compositions increases significantly 
with fO2, while fractions are less variable in their evolved 
counterparts. Unlike the low-pressure clinopyroxenes of 
Salazar-Naranjo and Vlach (2023), clinopyroxenes pro-
duced in our experiments on primitive compositions have 
higher silica contents than the starting material at all fO2 
conditions, most significantly at lower fO2. At FMQ, where 
the crystal fraction of spinel is low, the onset of clinopy-
roxene crystallisation depletes melt silica contents, an effect 
enhanced by silica-rich plagioclase in some samples. This 
is still the case at FMQ + 1.5 for composition AZKS052, 
whose mineral assemblage is dominated by plagioclase, 
with little spinel. Evolved compositions produce clinopy-
roxenes with silica contents comparable to or slightly lower 
than their respective starting materials. Increased clino-
pyroxene crystallisation at higher fO2 for primitive and 
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that fulfil this constraint. The Borisov et al. (2018) model 
for calculating melt Fe3+/ΣFe typically returns lower values 
than the models of Kress and Carmichael (1991), Putirka 
(2016) and Sun and Yao (2024) (Fig.  S1, Supplementary 

Material 2) for our experiments, and is likely one source of 

the overestimation of K
Ol−Melt
DFeT −Mg

 seen in Fig. 13c. The effect 
of model choice on melt Fe3+/ΣFe is discussed further in 

Supplementary Material 2, where we compare the median 

estimates for K
Ol−Melt
DFe2+−Mg

 using each of these four models 
for calculating melt Fe3+/ΣFe, and observe increased vari-
ability between estimates as fO2 increases.

Equation 8c of Putirka (2016), was fitted to describe the 
data of Gee and Sack (1988), where melts are highly silica-
undersaturated. It is therefore not surprising that this model 
has the best fit for our data out of models currently avail-
able in the literature, with R2 = 0.60 and a.d.d. = 0.019. All 
three models discussed here are reliant on the experiments 
of Sack et al. (1987) and Gee and Sack (1988), performed 
at FMQ, to calibrate models for use on silica-undersaturated 
alkaline compositions. Our suite of experiments therefore 
provide an opportunity to calibrate a new model for the esti-
mation of KD in alkaline compositions, across a range of fO2 
conditions.

In order to build our own parametrisation, we randomly 
split the combined dataset of our experiments and those 
from the literature into training (n = 167) and test (n = 72) 
datasets, and compared multiple least squares regression 
models for both KOl−Melt

DFeT −Mg
 and KOl−Melt

DFe2+−Mg
, with differ-

ent combinations of variables. Following the approach of 
Putirka et al. (2003), we first checked for variable t-ratios 
> 5, and selected models with the highest F-ratios, to avoid 
overfitting our data. We then further tested to see if our vari-
ables were truly independent using the variance inflation 
factor (VIF), where values above 10 are indicative of mul-
ticollinearity (i.e. variables are correlated with each other). 
We then applied these models to the test dataset to assess 
model reliability, and calculate R2 and a.a.d. values.

We initially developed a model based on the observed rela-
tionship between silica-undersaturation (Fig. S11b, Supple-
mentary Material 2) and KOl−Melt

DFe2+−Mg
. However, using FSSI 

as a parameter obscures relationships between melt compo-
sition and KD. In light of this, we explored simpler param-
eterisations using melt composition directly. We found we 
could produce a similar fit to our initial model using com-
positional parameters XSiO2  and (XNa2O + XK2O)/XSiO2  
in place of FSSI:

the algorithm of Kress and Carmichael (1991), we obtain 
KOl−Melt

DFe2+−Mg
 values ranging between 0.20–0.35 for primitive 

experiments and 0.27–0.34 for evolved experiments. These 
values exclude those experiments with bimodal melt com-
positions, or those where alkali loss occurred due to analyti-
cal difficulties (i.e. reduced beam size during measurement). 
We also examined partition coefficients DOl−melt

Mg  (primi-
tive compositions 4.83–13.34; evolved compositions 7.49–
16.19) and DOl−melt

Fe2+  (primitive compositions 1.29–3.43; 
evolved compositions 2.20–5.43) which show a non-linear 
correlation with NBO/T (Fig. S12).

Accurate equilibrium KD values are critical for many pet-
rological calculations, including the assessment of equilib-
rium in both natural and experimental samples, fractionation 
modelling, and correcting for post entrapment crystallisa-
tion in olivine-hosted melt inclusions. Several models exist 
for estimating of equilibrium KD values, including those 
of Toplis (2005), Putirka (2016) and Blundy et al. (2020), 
which are calibrated on a wide range of compositions. The 
models of Toplis (2005) and Putirka (2016) parameter-

ise KOl−Melt
DFe2+−Mg

, while that of Blundy et al. (2020) param-

eterizes KOl−Melt
DFeT −Mg

, with the two related by the expression 

KOl−Melt
DFeT −Mg

= KOl−Melt
DFe2+−Mg

× (1 − F e3+

ΣFe ). Here we apply 
these three models to our experiments (n = 100) and low-
pressure experimental data on alkali systems from the lit-
erature (n = 139), in order to assess their use specifically 
on alkaline compositions. This combined dataset of our 
experiments and those from the literature spans a tempera-
ture range of 1049–1330 °C, fO2 conditions from FMQ-1 
to FMQ + 3, melt SiO2 from 38.3–60.1 wt% and total alkali 
content from 2.4–14.2 wt%.

The Toplis (2005) model (Fig.  13a), which places par-
ticular emphasis on the role of alkalis, has an R2 = 0.37 and 
average absolute deviation (a.a.d) of 0.024 when applied 
to our data, and typically overestimates experimentally 
derived values. Blundy et al. (2020) suggest that part of the 
compositional dependence described by Toplis (2005), may 
stem from shortcomings in the algorithm used to calculate 
Fe3+/ΣFe in capturing the parameters compositional depen-
dence. These authors instead calibrate a model based on a 
dataset of 52 experiments where Fe3+/ΣFe has been mea-
sured in the glass, which they assess using a literature com-
pilation in which Fe3+/ΣFe is calculated using the model of 
Borisov et al. (2018). When applied to our data, we obtain 
a poor fit, with R2 = 0.03 and a.a.d. = 0.035. The authors 
note that the calibration is best suited for compositions with 
Na2O + K2O < 8 wt%, and R2 and a.a.d. improve to 0.42 and 
0.026 respectively when the model is applied to compositions 
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Fig. 13  Predicted vs measured KOl−Melt
DF e−Mg

 values using a Toplis 
(2005), b Equation 8d, Putirka (2016), c Blundy et al. (2020), d Eq. 2 
for our experiments on primitive (n = 67) and evolved (n = 33) compo-
sitions, and those from the literature (n = 139, from: Mahood and Baker 
1986; Sack et al. 1987; Gee and Sack 1988; Kennedy et al. 1990; Thy 

1991; Gerke et al. 2005). Fe3+/ΣFe were calculated using a Kilinc et 
al. (1983) plus a term for P2O5 taken from Toplis et al. (1994), b Equa-
tion 6b, Putirka (2016), c Borisov et al. (2018), d Kress and Carmi-
chael (1991)
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experiments, and hence higher KD values are recorded by 
prism sectors than hourglass sectors. Where possible we 
measured a balanced selection of each type of sector, though 
our experimental clinopyroxenes were generally small, and 
measurements were often mixed.

KCpx−Melt
DFe2+−Mg

 values observed in our experiments vary 

between 0.07–0.30, where clinopyroxene Fe3+ is estimated 
using the method of Droop (1987), as recommended by 
Neave et al. (2024a, b). Individual compositions define 
more limited ranges in KCpx−Melt

DFe2+−Mg
, with the lowest values 

belonging to the most silica-undersaturated compositions. 
These values are much lower than the mean of 0.245 ± 0.008 
proposed by Salazar-Naranjo and Vlach (2023), which 
we attribute to the limited range of starting compositions 
explored. Our values are similar however to those reported 
by Molendijk et al. (2023) (0.04–0.34), whose experiments 
were performed on similar, highly-undersaturated composi-
tions and under similar conditions.

When calculated as KCpx−Melt
DFeT −Mg

, we obtain average 

values of 0.27 ± 0.06 at FMQ-1 and FMQ, falling in the 
suggested range of Putirka (2008). At FMQ + 1.5, aver-
age KCpx−Melt

DFeT −Mg
 is 0.36 ± 0.10, and 0.46 ± 0.14 at FMQ + 3. 

Salazar-Naranjo and Vlach (2023) propose an average of 
0.37 ± 0.03 for experiments at FMQ > 1, which is in agree-
ment with our results at FMQ + 1.5. Our standard deviations 
are much higher however, due to the wider range of compo-
sitions considered.

Several authors have previously calibrated models for the 

prediction of KCpx−Melt
DFeT −Mg

 (e.g. Putirka 2008; Bédard 2010), 

with the assumption that all Fe is present as Fe2+. Such mod-
els do not reflect the ability of clinopyroxene to incorporate 
both Fe2+ and Fe3+ in its crystal structure, nor the high melt 
Fe3+/ΣFe that is observed in alkaline magmas, and hence 
produce poor results when applied to these systems.

While our experiments were not designed to evaluate 
iron speciation in clinopyroxene, and are limited by mixed 
measurements of different sectors, we were able to use our 
data to build a simple linear regression model for the esti-
mation of KCpx−Melt

DFeT −Mg
 that incorporates the effect of melt 

Fe3+/ΣFe, using a similar approach to that used for oliv-
ine above. We calibrated the model on individual clinopy-
roxene measurements from our experiments, which cover 
the range: T = 1050–1170  °C; fO2 = FMQ-1  −  FMQ + 3; 
Mg# = 0.54–0.85. We split out measurements into training 
(n = 806) and testing (n = 346) datasets, and then further 
tested on the mean values from each experiment (n = 63). 
The final regression was:

KOl−Melt
DFe2+−Mg

= 0.338 (±0.034)

+ 0.355 (±0.41) [XSiO2 ]

− 0.538 (±0.031)
[
XNa2O + XK2O

XSiO2

]

− 0.216 (±0.023) [XFo]

� (1)

where Xi is the mole fraction of i in the melt and XFo is 
molar MgO/(MgO + FeO) of olivine. When applied to our 
test dataset we obtain R2 = 0.77 and a.a.d. = 0.014, and 
R2 = 0.78 and a.a.d. = 0.015 when applied to the dataset as a 
whole (Fig. S13).

We then tested a similar model in which KOl−Melt
DFeT −Mg

 is 

parameterised instead,, enabling comparison with the model 
of Blundy et al. (2020). The final regression was:

KOl−Melt
DFeT −Mg

= 0.442 (±0.029) + 0.287 (±0.035) [XSiO2 ]

− 0.442 (±0.027)
[
XNa2O + XK2O

XSiO2

]

− 0.168 (±0.022) [XFo]

− 0.138(±0.008) 1

(1 −
[

Fe3+

ΣFe

]
)

� (2)

whereFe3+/ΣFe was calculated using the equation of 
Kress and Carmichael (1991). We obtain R2 = 0.89 and 
a.a.d. = 0.011 when applied to our test dataset, and R2 = 0.88 
and a.a.d. = 0.012 when applied to the dataset as a whole 
(Fig. 12d). The higher R2 values obtained compared with 
Eq.  1 are the result of making the dependence of KD on 
Fe3+/∑Fe explicit.

These models provide a significant improvement over 
currently available models for estimating equilibrium 
KOl−Melt

DFe2+−Mg
 and KOl−Melt

DFeT −Mg
 in alkaline magmas at low pres-

sure. We do not evaluate their performance at high pressure, 
though the effect of pressure is estimated to be small (Toplis 
2005; Blundy et al. 2020; Saper et al. 2022). We therefore 
suggest our new equations may still provide useful initial 
estimates of KD for alkaline magmas at crustal pressures.

Clinopyroxene-melt Fe–Mg exchange coefficients

Unlike olivine, a lack of prior experimental work has meant 
the parameters governing clinopyroxene-melt Fe–Mg 
exchange equilibria, are less clear, particularly in alkaline 
systems (Neave et al. 2024a, b). Clinopyroxene-melt KD 
values in our experiments are highly variable, and depend 
on both composition (Fig.  14a, c) and redox conditions 
(Fig.  14b). The effect of sector zoning further obscures 
these relationships, due to the preferential incorporation of 
MgO in hourglass sectors, and FeO in prism sectors in our 
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Fig. 14  a Rhodes diagram for experimental clinopyroxenes. Dashed 
lines indicate different values of KCpx−Melt

DFe2+−Mg
. Clinopyroxene Mg# is 

calculated using Fe2+ values obtained via the method of Droop (1987), 
while glass Mg# is calculated using Fe2+ contents obtained using the 
algorithm of Kress and Carmichael (1991) and the experimental fO2, 
bKCpx−Melt

DFeT −Mg
 versus calculated melt Fe3+/ΣFe, c predicted vs mea-

sured KCpx−Melt
DFe2+−Mg

 using Eq. 35 of Putirka (2008), d predicted vs mea-

sured KCpx−Melt
DFeT −Mg

 values using Eq. 2 for our experiments on primitive 
(n = 42) and evolved (n = 57) compositions, where points reflect the 
average KCpx−Melt

DFeT −Mg
 and error bars are 1σ. Literature clinopyroxenes 

(n = 70, from: Mahood and Baker 1986; Sack et al. 1987; Gee and Sack 
1988; Kennedy et al. 1990; Thy 1991; Gerke et al. 2005; Molendijk et 
al. 2023; Salazar-Naranjo and Vlach 2023) are also shown for com-
parison, but not used to evaluate model performance due to less precise 
analytical methods
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increased crystallisation of clinopyroxene and the destabi-
lisation of olivine are observed, however the critical factor 
is the promotion of early spinel (s.l.) crystallisation. With 
increasing fO2, evolutionary trajectories become compara-
tively enriched in silica, with respect to alkalis, producing 
less silica-undersaturated melts.

Bulk composition plays a secondary role, modulating 
the extent to which fO2 conditions control melt evolution. 
The liquid lines of descent of primitive melts, which con-
tain greater concentrations of redox sensitive elements 
such as Fe in the bulk composition, are more easily influ-
enced by changes in fO2, with distinct evolutionary paths 
observed at each fO2 condition investigated. Comparatively, 
evolved compositions show similar LLDs at low to mod-
erately oxidising conditions, and only the most oxidising 
promote silica enrichment. With increasing silica-undersat-
uration, the slope of LLDs in Na2O + K2O vs SiO2 space 
also becomes steeper, towards more alkali enriched com-
positions. Melt fraction at a given temperature increases, 
NBO/T decreases, and mineral assemblages become domi-
nated by clinopyroxene, while plagioclase is absent. Olivine 
stability is decreased in evolved melts compared to primi-
tive, as well as at higher fO2.

Mineral-melt exchange coefficients (KMineral−Melt
DFe2+−Mg

) are 

also compositionally dependent, on both the mineral and 
the melt. In both olivine and clinopyroxene, KD is corre-
lated with silica-saturation; KMineral−Melt

DFe2+−Mg
 values decrease 

as melts become more silica-undersaturated, the effect par-
ticularly strong in olivine. Based on this observation, we 
propose new equations for the estimation of equilibrium 
olivine KOl−Melt

DFe2+−Mg
 and KOl−Melt

DFeT −Mg
 in alkaline compositions, 

which use melt SiO2, Na2O and K2O contents, and olivine 
forsterite content, in addition to melt Fe3+/ΣFe in the lat-
ter. These models (KOl−Melt

DFe2+−Mg
: R2 = 0.78 and a.a.d. = 0.015; 

KOl−Melt
DFeT −Mg

: R2 = 0.90 and a.a.d. = 0.011), represent a sig-

nificant improvement over existing models for these com-
positions. We additionally present a simple model for the 
estimation of KCpx−Melt

DFeT −Mg
 in alkaline systems that incorpo-

rates the effect of melt Fe3+/ΣFe, as well as temperature and 
clinopyroxene Mg#, recovering R2 = 0.92 and a.a.d. = 0.029. 
These new models are applicable for a wide range of tem-
peratures, fO2 conditions and compositions, enabling more 
accurate assessment of mineral-melt equilibrium in alkaline 
systems.

Finally, this new suite of experiments on alkali basalts 
may prove useful in calibrating new empirical and thermo-
dynamic models, and thermodynamic datasets for alkaline 
systems. These are vital for understanding natural volcanic 

KCpx−Melt
DFeT −Mg

= −1.00 (±0.064)

+ 2.129 (±0.063)
[
T (◦C)

1000

]

− 1.675 (±0.021) [Mg#]

+ 0.144(±0.006) 1

(1 −
[

Fe3+

ΣFe

]
)

� (3)

where T is the temperature in degrees Celsius, Mg# is molar 
MgO/(MgO + FeOtot) of clinopyroxene and melt Fe3+/ΣFe 
was calculated using the equation of Kress and Carmichael 
(1991). When applied to our test dataset we obtain R2 = 0.89 
and a.a.d. = 0.030 and R2 = 0.92 and a.a.d. = 0.028 when 
applied to the dataset as a whole. When compared with 
Eq. 35 of Putirka (2008), which results in R2 = − 0.32 (i.e. 
the model performs worse than using the mean as the pre-
dicted value) and a.d.d. = 0.087 when applied to our mean 
clinopyroxene measurements, the fit of Eq. 3 is substantially 
better, with R2 = 0.91 and a.d.d. = 0.028 (Fig. 14d). We fur-
ther apply Eq. 3 to clinopyroxene-melt pairs from the lit-
erature (n = 70) (Fig. 14d), however we do not evaluate the 
performance of our model on this data due to less precise 
analytical methods (i.e. lower beam current, short counting 
times) and few analyses per experiment.

Equation 3 provides an improved estimate of KCpx−Melt
DFeT −Mg

 

in alkaline magmas, by accounting for the effects of melt 
Fe3+/ΣFe, however further work is still needed. Experiments 
targeted at understanding both Fe2+ and Fe3+ partitioning 
between clinopyroxene and melt, and the effects of disequi-
librium crystallisation will enable us to more accurately pre-
dict KCpx−Melt

DFe2+−Mg
, and unlock the potential for clinopyroxene 

as a recorder of magmatic redox conditions.

Conclusions

This experimental study explored the influence of bulk 
composition and fO2 on phase equilibria and liquid lines 
of descent in alkali basalts. Experiments were performed 
at 1 atm on nine natural starting compositions, in the tem-
perature range 1220–1050 °C, and at fO2 conditions from 
FMQ-1 to FMQ + 3.

We find that fO2 is the dominant control over phase sta-
bility and melt evolution. The influence of fO2 on the Fe3+/
Fetot ratio of the melt, controls the composition and stability 
of Fe-bearing phases, whose crystallisation determines the 
subsequent evolutionary trajectory of the melt. Specifically, 
at lower fO2, melt evolution is predominantly controlled by 
the crystallisation of phases such as clinopyroxene, which is 
close in silica content to the melt, but contains fewer alka-
lis, driving the melt towards alkali enrichment. At high fO2 
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